
Chair of Design of Steels

Doctoral Thesis

Correlations of microstructural and
mechanical anisotropy of ultra-high

strength steels

Dipl.-Ing. Dr.mont. Raphael Esterl
July 2019



Conducted at 

Chair of Design of Steels at  the Department  of Materials Science, Montanuniversität  
Leoben, 8700 Leoben, Aust ria  

in the frame of  

BMVIT Professorship for Indust ry 

together with  

voestalpine Stahl GmbH, 4020 Linz, Aust ria 

 

 

 

 

 

 

 

 

Affidavit  

I declare on oath that I wrote this thesis independently, did not use other than the specified sources 

and aids, and did not otherwise use any unauthorized aids.  

I declare that I have read, understood, and complied with the guidelines of the senate of the 

Montanuniversität Leoben for "Good Scientific Practice".  

Furthermore, I declare that the electronic and printed version of the submitted thesis are identical, 

both, formally and with regard to content. 

 

______________________ 

Leoben, June 2019        Raphael Esterl 



 

 

 

 

 

 

 

 

Gegen den Wind zu kreuzen bringt einen manchmal schneller zum 

Ziel, als mit dem Wind zu segeln. 

H. Lahm 

 

 

 

 

 

 

 

 

 

 



Danksagung 

Der Erfolg meiner Dissertation ist vor allem jenen Menschen gewidmet, die mich in den 

letzten drei Jahren sowohl fachlich als auch persönlich begleitet haben.  

An erster Stelle gebührt mein Dank meinem Betreuer, Prof. Ronald Schnitzer. Deine stets 

offene Tür, deine fachliche Kompetenz und deine motivierenden Schulterklopfer haben die 

Arbeit mit meiner Dissertation wahrlich beflügelt. Es ehrt mich, der erste Dissertant unter 

deiner Stiftungsprofessur gewesen zu sein, wodurch ich auf den Vorzug kam, von dir per-

sönlich betreut zu werden.  

Nicht weniger Dank gilt  meinem Ansprechpartner und Mentor bei der voestalpine Stahl, 

Markus Sonnleitner. Ich schätze unser äußerst freundschaft liches Verhältnis vom ersten Tag 

meiner Dissertation an und profit ierte die letzten drei Jahre von deiner fachlichen Expertise. 

Als Betreuer hatte ich mit dir einen wahren Lottosechser, dein Input für meine Ver-

öffentlichungen, deine Bereitstellung von Probenmaterial und unsere interessanten 

Gespräche bei unserem monatlichen Projektaustausch führten zu einer wirklich 

außergewöhnlichen Zusammenarbeit. Vielen Dank an dieser Stelle auch der voestalpine 

Stahl für den finanziellen Aufwand, den meine Arbeit samt Legierungsentwicklung und 

mechanischer Beprobung mit sich brachte.  

Großer Dank gilt  auch den Mitarbeitern des Department Metallkunde und Werkstoffprüfung 

und meinen Kollegen vom Lehrstuhl für Stahldesign. Voran meiner Kollegin, Sandra Ebner 

für die abwechslungsreichen Stunden im Büro und Gerhard Hawranek für die angenehmen 

Kaffeepausen und süditalienischen Vespaausfahrten.  

Des Weiteren möchte ich meinen Freunden danken, die meine letzten 10 Jahre meiner 

Studentenzeit in Österreich so mitgeprägt haben. Thomas, vielen Dank für deine Freund-

schaft und vor allem dein offenes Ohr, Birgit  und Christoph, für eure fachliche und 

segeltechnische Begleitung, und dir lieber Dominik, unsere Telefonate und die Vorfreude auf 

den bevorstehenden Törn haben den Endspurt meiner Promotion wahrlich angekurbelt. In 

diesem Sinne: always follow the sun! 

Und schließlich gilt  besonderer Dank meiner gesamten Familie, die ohne Zweifel eine 

wichtige Rolle für meinen Erfolg im Studium und meiner Promotionslaufbahn einnahmen. 

Voran meinem Vater, Robert Esterl, der für mich nach wie vor das größte Vorbild ist und mir 

immer in allen Belangen zur Seite stand. Meine zahllosen Abenteuer zu See und auf meiner 

Vespa haben dir zu Recht viele Nerven gekostet. Und meiner Mutter, Gerda die sich dafür 

am Rosenkranz die Finger wund gebetet hat. Nach meinen zehn Jahren in Österreich freue 

ich mich nun auf die Heimkehr zu euch nach Bayern.  



Table of Contents 

______________________________ 

- I - 

Table of Contents 

Part  A 

Abst ract  ............................................................................................................. 1 

Kurzfassung ....................................................................................................... 2 

1 Int roduct ion  ...................................................................................................... 4 

2 State of the art   ................................................................................................. 6 

2.1 Hot rolling of High-Strength Low Alloy (HSLA) low-carbon steels  .................... 6 

2.2 Alloying elements and their role in the production of UHS steels  .................... 8 

2.2.1 Titanium ................................................................................. 10 

2.2.2 Niobium ................................................................................. 10 

2.2.3 Vanadium ............................................................................... 11 

2.2.4 Aluminum  .............................................................................. 11 

2.3 Anisotropy and crystallographic textures in hot rolled steel plates  ............... 12 

2.3.1 Inclusions ............................................................................... 12 

2.3.2 Microstructural anisotropy and pancaking of the austenite 

grain ...................................................................................... 12 

2.3.3 Crystallographic texture ......................................................... 13 

2.4 Delaminations in Charpy notched impact specimens  .................................... 14 

2.5 Relation of the current thesis to the state of the art   ..................................... 15 

3 Summary of Publicat ions  ...................................................................................... 16 

3.1 List of publications  ................................................................................. 16 

3.1.1 Appended papers  .................................................................. 16 

3.1.2 Conference presentation  ....................................................... 17 

3.1.3 Supervised theses  ................................................................. 17 

3.2 Summary of published contents  ............................................................. 18 

3.2.1 Aim and scope of the investigations  ...................................... 18 

3.2.2 Visualization of the prior austenite grains  .............................. 19 

3.2.3 Investigations on the recrystallization behavior .....................  23 

3.2.4 Influence of the processing route on the hardenability  .......... 25 

3.2.5 Effect of Nb and V on the microstructure and the mechanical 

properties of direct quenched and tempered steels................ 27 

3.2.6 Investigations to separate the mechanical anisotropy and 

texture ................................................................................... 28 

4 Out look and open quest ions .................................................................................. 33 

5 References ............................................................................................................ 35 

 



Table of Contents 

______________________________ 

- II - 

 

Part  B 

 

Paper I Raphael Esterl, Markus Sonnleitner, Manfred Stadler, Günter Wölger, Ronald 

Schnitzer 

Microstructural Characterization of Ultra-High Strength Martensit ic Steels 

Practical Metallography 55 (2018): 203 - 222 

 

Paper II Raphael Esterl, Markus Sonnleitner, Ronald Schnitzer 

  Microstructural Analysis of the Recrystallization Behavior of Low Alloyed Steels 

  Steel research international 90 (2019) 3: 1800500 

 

Paper III Raphael Esterl, Markus Sonnleitner, Ronald Schnitzer 

Influence of Thermomechanical Treatment and Nb Micro-Alloying on the 

Hardenability of Ultra-High Strength Steels 

Metallurgical and Materials Transactions A (2019) 

 

Paper IV Raphael Esterl, Markus Sonnleitner, Boris Gschöpf, Ronald Schnitzer 

Influence of V and Nb Micro-Alloying on Direct Quenched and Tempered Ultra-

High Strength Steels  

  Steel research international (2019): 800640 

 

Paper V Raphael Esterl, Markus Sonnleitner, Irmgard Weißensteiner, Karin Hartl, 

Ronald Schnitzer 

Influence of quenching condit ions on texture and mechanical properties of 

ultra-high strength steels 

Submitted to Journal of Materials Science (2019) 

 

 

 



Table of Contents 

______________________________ 

- III - 

List  of abbreviat ions and symbols 

 

DQ  Direct quenching 

DRX  Dynamic recrystallization 

EBSD  Electron backscatter diffraction 

FRT  Finish rolling temperature 

HSLA  High strength low alloy 

MAE  Micro-alloying elements 

ODF  Orientation distribution function 

PAG  Prior austenite grain 

Q  Quenching 

RQ  Re-austenitization and quenching 

SEM  Scanning electron microscopy 

SRX  Static recrystallization 

T  Tempered 

TMP  Thermomechanical processing 

TNR  Non-recrystallization temperature 

UHSS  Ultra-high strength steels 

UTS  Ultimate tensile strength 

XRD  X-Ray diffraction 

YS  Yield strength 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Part  A 

 

 

 

 



Abstract 

______________________________ 

- 1 - 

Abst ract  

For the construction of mobile crane arms, ultra-high strength steels (UHSS) come to 

application to fulfil the requirements of an increased payload to weight ratio. Steels produced 

via thermomechanical processing and direct quenching (TM + DQ) provide several advantages 

over conventional quenching and tempering (Q+T) steels through the systematic combination 

of micro-alloying elements (MAE), process parameters and the subsequent quenching from the 

rolling heat. For a given carbon content, clear strength benefits can be reached by the advanced 

TM process route. Materials properties may be adjusted by an additional tempering heat 

treatment, which is accompanied by an asset in ductility. Nonetheless, the combination of MAE 

and low finish rolling temperatures (FRT) promotes certain properties that adversely affect the 

isotropy of the material. The microstructural anisotropy by the highly deformed austenite grain 

yields in an orientation dependence of the mechanical properties, which is expressed by 

differences between the longitudinal and transversal bendability and impact toughness.  

In order to establish a correlation between the microstructure and the mechanical properties 

of UHS steels, the effect of the processing route and MAE on the condit ion of the prior austenite 

grain was studied. By this means, the goal of the present work was to characterize the 

underlying microstructural processes and reveal the reasons for the mechanical anisotropy.  

A metallographic technique was developed to visualize the prior austenite grains and 

characterize their size and elongation. Double-hit deformations on a dilatometer were applied 

to study the influence of the MAE on the microstructural processes, which were visualized with 

this established metallographic method. Based on these observations, test alloys were 

developed to analyze the effect of MAE and process parameters on the mechanical properties. 

The investigat ions showed, that a decrease in the FRT lead to an augmented orientation 

dependence of the mechanical properties. However, a correlation between the pancaking and 

the mechanical anisotropy was not found, as a globular γ grain through re-austenitization 

exhibits similar anisotropy. Micro-alloying with Nb and V, both contribute to an increase of 

temper resistance, yet, the strengthening through V is accompanied by an embritt lement and 

significant decrease of the impact toughness. It was found further, that intensive annealing in 

the austenite region optimizes isotropy, however, certain microstructural features such as 

texture components are inherited so that a complete extinction of the mechanical anisotropy 

cannot be achieved. Overall, knowledge on the correlations of process route, micro-alloying 

elements and microstructure on the resulting mechanical properties of UHS steels could be 

acquired.  
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Kurzfassung 

Um den Anforderungen eines erhöhten Nutzlast- zu Eigengewichtsverhältnisses gerecht zu 

werden, kommen beim Bau von Mobilkranarmen ultrahochfeste (UHF) Stähle zum Einsatz. 

Thermomechanisch gewalzte und direktgehärtete (TM + DQ) Stähle bieten durch die systema-

tische Kombination von Mikrolegierungselementen (MLE), Prozesssteuerung und das 

anschließende Direkthärten aus der Walzhitze wirtschaftliche Vorteile gegenüber 

herkömmlichen Vergütungsstählen. So können durch TM-Walzen bei gleichem 

Kohlenstoffgehalt  deutlich höhere Festigkeitswerte erzielt werden und die gleichzeitige 

Kornfeinung erhöht zudem die Zähigkeit . Das Eigenschaftsprofil dieser Stähle wird durch eine 

Anlassbehandlung abgerundet. Die dadurch resultierende Anlasserweichung wird durch den 

oben genannten Festigkeitsvorteil kompensiert . Dennoch fördert diese Kombination aus MLE 

und den niedrigen Walzendtemperaturen (WET) eine Anisotropie der mechanischen 

Eigenschaften. Das im Walzprozess begründete Strecken des Austenitkorns hat zur Folge, dass 

sich die Längs-  und Querwerte des Biege- und Kerbschlagbiegeversuch deutlich unterscheiden.  

Um ein Verständnis der Mikrostruktur-Eigenschaftsbeziehungen von UHF Stählen zu erhalten, 

wurde der Einfluss von Prozessparametern und der MLE auf die zugrundeliegenden mikro-

strukturellen Prozesse und die resultierende Austenitkornstruktur untersucht. Dadurch soll ein 

Zusammenhang mit der Anisotropie hergestellt werden. 

Um die ehemaligen Austenitkörner sichtbar zu machen, wurde eine metallographische 

Methode entwickelt, die es schließlich ermöglicht, deren Größe und Streckung zu cha-

rakterisieren. Mittels Doppelschlagversuchen am Dilatometer wurde der Einfluss der MLE auf 

die Entwicklung der Mikrostruktur untersucht, die wiederum mit Hilfe der neu entwickelten 

metallographischen Methode dargestellt wurde. Darauf aufbauend wurden neue Legierungen 

konzipiert und am Warmwalzsimulator ausgewalzt , um schließlich den Einfluss der MLE und 

Prozessparameter auf die mechanischen Eigenschaften zu studieren. Diese Untersuchungen 

ergaben eine erhöhte Orientierungsabhängigkeit  der mechanischen Eigenschaften mit 

abnehmender WET. Eine direkte Korrelation zwischen dem sogenannten pancaking und der 

mechanischen Anisotropie wurde jedoch nicht festgestellt. Ein reaustenitisiertes, globulares 

Austenitgefüge wies ähnliche Anisotropie auf als ein TM gewalztes und direktgehärtetes. Nb 

und V tragen beide zur Anlassbeständigkeit bei, das Festigkeitsplus durch V wird jedoch von 

einer Anlassversprödung und somit einer Abnahme der Kerbschlagzähigkeit begleitet. Intensive 

Austenitisierungsglühungen verringern die Anisotropie, eine Texturvererbung verhindert unter 

Umständen jedoch die vollständige Auslöschung der mechanischen Anisotropie.  
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Insgesamt konnten wichtige Erkenntnisse über die Zusammenhänge von Prozessparametern, 

Mikrolegierungselementen und der Mikrostruktur auf die resultierenden mechanischen 

Eigenschaften von UHS-Stählen gewonnen werden.  
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1 Int roduct ion 

In the past decades, the demand of a higher payload to weight ratio has dominated several 

sectors in material development. Moreover, the request of the automotive sector to reduce 

weight in order to decrease fuel consumption did forward steel research towards advanced 

(AHSS) and ultra-high-strength steels [1 8]. Further increase of material strength with 

sustaining its toughness allows the crane and truck industry to launch lift ing systems with 

extended load capacity and higher action radii. For the production of mobile crane arm booms, 

ultra-high strength steels come to application to fulfil the requirements of an improved payload 

to weight ratio [1,9,10]. Thermomechanically processed and direct quenched steels have 

widely substituted UHS steels processed via the conventional quenching and tempering route. 

They offer economic benefits through the waiving of an additional heat treatment in the 

austenite regime and possess an immense strength profit through the subsequent quenching 

from the rolling heat after an systematic combination of micro-alloying and temperature control 

during hot rolling [1,9 12]. This profit results in the reduction of alloying elements such as 

carbon for achieving the same strength requirements as conventional Q+T steels, which 

optimizes the weldability significantly [13 16]. However, due to the characteristics of the 

processing route unfavorable mechanical properties emerge, which have not been fully 

investigated and entirely comprehended till now. Especially the mechanical anisotropy, which 

is expressed by differences between the longitudinal (L) and transversal (T) direction in the 

Charpy impact toughness and bendability is attributed to the high deformation of the austenite 

grain during the finishing rolling passes. Despite of the aforementioned disadvantages, steels 

produced via the conventional Q+T route possess a globular austenite grain, which is assumed 

to contribute to an optimized isotropy. 

The focus of this thesis was to establish the microstructure-property relationships of UHS 

steels. It was investigated, if the TM processing route and the pancaking of the austenite grain 

is responsible for differences in the mechanical properties. These findings should propose 

possible manufacturing concepts and serve as basis for the development of new UHS steels. 

Besides the fulfilment of required mechanical properties, the developed approaches should be 

realizable at the hot strip mill with defined process limitations such as rolling temperatures and 

rolling forces. The easiest possibility of a further strength increase of structural steels would 

consist of an increase of the carbon content, which is implemented in the Q+T route. However, 

to ensure proficient weldability, hardenability and due to process limitations, this option should 

be avoided, as an increased carbon content significantly increases the susceptibly for cold 
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cracks. Consequently, the influence of MAE and their ability to provide the corresponding 

strength improvement for the emerging steel product should be established in order to provide 

an improved knowledge of process and alloying parameters on the properties of DQ UHS steels 

in an as-rolled and tempered condit ion.  

The used methods ranged from light optical microscopy, scanning electron microscopy (SEM), 

electron backscatter diffraction (EBSD) and X-ray diffraction (XRD) to explain the observed 

mechanical characteristics of UHS steels on a microstructural basis. In addition, double-hit  

compressions on a deformation dilatometer Bähr 805 A/ D were used to demonstrate the 

different microstructural evolution condit ional on the micro-alloying elements. In specific, two 

steels of interest were therefore envisaged in different process and alloying modifications. The 

first steel of concern is a TM rolled, direct quenched and tempered UHS steel with a Yield 

Strength (YS) of 1100 MPa and comes to application in the construction of mobile crane arms. 

The second steel of interest possesses with 0.17% the same carbon content, however, is 

neither temper resistant, nor alloyed with MAE. With a Brinell hardness of 500 HB it serves in 

the as-rolled condit ion as wear resistant plate for diverse applications in the transport industry, 

where abrasive bulk material is handled. Due to their different alloying concept, these steels 

exhibit different microstructures and therefore different mechanical properties. These steels 

therefore serve as predestined basis for studies concerning the microstructure-property 

relationship of UHS steels.  

For the sake of simplicity, the two steels are labeled as Steel A for the not-tempered UHS steel 

grade and Steel B for the tempered and micro-alloyed steel grade.   

In the following pages, this PhD thesis will highlight the current state of technology and 

summarize the most important findings of the attached publications.  
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2 State of the art  

2.1 Hot  rolling of high-st rength, low alloy (HSLA) low-carbon steels 

Until the early decades of the 20 th century, the strength of hot-rolled steels was achieved by 

an increase of the carbon content up to 0.4% and additions of Mn up to 1.5% [4,17]. These 

steels consisted mainly of a ferrite-pearlite microstructure and reached yield stresses of 

400 MPa, however not the essential toughness for modern applications [3,4,17]. The newly 

introduced fabrication technique welding, only allowed carbon contents of 0.2% due to the 

appearance of cold cracks, so that the knowledge of a strength improvement through grain 

refinement was essential [17]. Through process adaptations and advances in the metallurgical 

design by the application of micro-alloying elements, the resulting fine grained microstructure 

not only possessed higher strength, but also was prepared for weldability and showed high 

toughness even under reduced temperatures [4]. These high-strength, low alloy steels (HSLA), 

which were micro-alloyed with additions of Nb, V and Ti achieved their breakthrough with the 

massive application in the pipeline industry in the 70s, where they superseded the 

conventionally produced steels (Figure 1a) by the application of a so-called normalized rolling 

(Figure 1b) [4,5,18 22]. Figure 1 shows also schematically the relocation of the temperatures 

Ac1, Ac3 by additions of Mn, and the increase of the temperature, where below no γ 

Figure 1: Schemat ic t ime-temperature schedule for different  hot -rolling cycles and the corresponding 

microst ructural evolut ion. a) Convent ional rolling. b) Normalized rolling. The TNR is elevated by the addit ion 

of MAE, Mn decreases Ar1
 and Ar3. Thermomechanical processing of a Nb-containing steel with an FRT in the 

c) non- γ + α region. Adapted from [4,17,23]. 
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recrystallization takes place, TNR, by additions of MAE [4,17,23]. Compared to the Al-grain 

refined steel, it was experienced, that Nb treated steels provided substantially higher strength 

in the as rolled condit ion, however a clear reduction in toughness was observed [8]. Despite of 

an improvement of the mechanical properties by a subsequent normalization, the strength 

benefits were forfeited [8]. An alternative route was required, which enables equal grain 

refinement and simultaneously compensates the drawbacks of cost and strength of the 

conventional normalizing. The resulting product, which firstly became known as controlled 

rolling (Figure 1c) and later established in term thermomechanical processing, consisted of an 

extremely low finish rolling temperature and involved both, advanced hot -rolling and in-line 

accelerated cooling from the rolling heat [8,24].  

The microstructural evolution of thermomechanical processing is related to deformation in 

three stages, which are shown in Figure 1 [25,26]:  ① Deformat ion in the recrystallizat ion region: The coarse austenite grain is refined through 

a repeated sequence of deformation and recrystallization. The result is a fine-grained 

recrystallized microstructure.  ② Deformat ion in the non-recrystallizat ion region: The temperature in this region is too low 

for the recrystallization of the deformed austenite to be proceeded. The grains evoked from 

stage ① are formed in elongated, unrecrystallized austenite grains with deformation bands 

(Figure 1c). Subsequent cooling would result into the nucleation of ferrite on these deformation 

bands and thus the development of fine ferrite grains.  ③ Deformat ion in gamma-alpha region: Deformation in this region generates further 

deformation bands on which proeutectoid ferrite can grow (Figure 1c . Moreover, the deformed 

ferrite creates a substructure. During cooling, equiaxed alpha-grains evoke from 

unrecrystallized austenite and the deformed ferrite forms subgrains. 

The main effort concerning the microstructural evolution in TMP consists in the formation of 

the deformation bands. These regions of high deformation density offer elevated potential for 

the nucleation of alpha grains in contrast to conventional rolling, where alpha grains exclusively 

nucleate at the gamma-grain boundaries. The deformation bands can be considered as grain 

boundaries concerning its tendency to ferrite nucleation and subsequently offer an additional 

nucleation spot to further increase the grain size. The second feature of one can profit during 

TMP is the formation of a subgrain structure, which occurs in the two-phase region. This effect 

correlates to the Hall - Petch law resulting in a strengthening effect with decreasing subgrain 
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size. A further effect, which takes influence on the microstructure is the rolling reduction itself, 

the rolling temperature and the sequence of reduction steps in the different deformation 

regions [11,25 27]. Lowering the rolling temperature in the two-phase region results in a 

decrease of tensile and yield strength. This effect is attributed to the grain refinement as 

consequence of a finer and accentuated-pancaked austenite grain. The higher the austenite 

grain boundary density is, the more nucleation spots for the ferrite transformation are 

introduced. Furthermore, the higher the amount of reduction is, the finer the resulting grain 

becomes  independent on the rolling schedule. Regarding the rolling in the two phase (α+γ) 

region, both phases are compressed. With increasing reduction, γ is more elongated and offers 

a finer α grain [2,11,26]. However the dominat ing hardening mechanism consists of the 

subgrain hardening and the massive defect density leads to a stable dynamic recovery structure 

in α grains [25,26]. In summary it can be quoted, that the main advantage in TMP over 

conventional hot rolling consist in the establishment of further nucleation spots for the 

formation of a fine grain structure. The development of a TMP processed steel and the adaption 

on its particular usage requires a sophisticated collaboration of alloying, rolling parameters and 

cooling factors. The interplays and their correlation are content in the subsequent chapters. 

 

2.2 Alloying elements and their role in the product ion of UHS steels  

The strength of UHS steels is the result of an interaction between temperature controlled 

rolling, selective use of MAE and transformation hardening [11,13,28,29]. Either hardening is 

performed after reheating the normalized steel to the γ region, which corresponds to a 

conventional Q+T route. Alternatively, quenching can be executed directly from the rolling heat 

after TM rolling as described in the previous chapter. Consequently, to reach the required 

strength, these two quenching routes are based on different concepts. Equal for both, however, 

is the use of carbon as the most common and most important alloying element [13]. Carbon 

has a strong strengthening potential. In martensit ic steels, it promotes the tetragonal latt ice 

distortion during the diffusion-less transformation and thus the emerge of a microstructure with 

a high dislocation intensity. The carbon content in UHS steels however is limited to 0.2%, as 

contents above increase the risk of brit t le fracture and cold cracking during welding [14,15,30]. 

Furthermore, carbon also elevates the flow stress, which particularly is reflected in the high 

forming forces during finish rolling of TMP [31,32]. Carbon contents of UHS vary concerning 

their achievable YS, and amount between 0.09% and 0.17% for YS between 960 and 1100 MPa 

for TM steels [1,9,33,34]. Q+T steels require higher carbon amounts for a given strength, so 
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that contents up to 0.21% are used. As solid-solution strengthener, Si follows with contents 

between 0.1 and 0.3%. Silicon comes to application as deoxidizer and retards the formation of 

perlite and bainite [3,7,12,13,29,35 37]. Mn belongs to the austenite-stabilizers and acts like 

Ni and Cu as solid solution strengthener. It is an important and effective element in increasing 

hardenability. Cu is used to increase weather-resistance and improves hardenability. Further it 

is observed, that Cu improves temper resistance through the formation of precipitates.   

The micro-alloying elements play different roles during hot rolling. They act dissolved or in the 

form of finely dispersed (carbide-, nitride- or carbonitride-) precipitates on the grain refinement, 

recrystallization, recovery processes and the movement of dislocations [3,11,28,38,39]. In 

dissolved condit ion, they reduce the migration of the grain boundary through their increased 

solute drag and further are able to retard the γ to α transformation. At a certain temperature, 

the alloying elements start to form precipitates and thereby hinder the recrystallization, which 

corresponds to a thermomechanical treatment. Their mode of action is dependent on their 

solubility product, and thus is a function of t ime, temperature and the chemical composition. 

Figure 2 expresses the influence of the common MAE on the grain size during heating. A plain 

C-Mn steel shows an augmented grain growth due to the lack of second phase particles. The 

grain growth characteristics of V, Al and Nb alloyed steels show indicated temperature limits 

of their abnormal grain growth, which are defined by the dissolving temperatures of their 

precipitates [39 41]. The characteristics of the common MAE are briefly summarized in the 

following, listed in the fundamental order of their sequence of precipitation.  

Figure 2: Influence of the MAE on the austenite grain growth  adapted from [39-41]. Ti possesses 

the highest  dissolving temperature, followed by Nb at  1150° C and V at  1000° C. Al, commonly 

used as deoxidizer precipitates as AlN and acts as grain refiner in HSLA steels.  
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2.2.1 Titanium 

As displayed in Figure 2, Ti acts as the most  effective grain pinner in micro-alloyed steels. TiN 

possesses the highest solubility product, so that for Ti-micro-alloyed steels dissolution 

temperatures of 1250° C are quite common to bring Ti back into solution and to ensure a 

homogenous distribution. This is necessary to avoid a heterogeneous grain growth through Ti 

which is unequally distributed or existent in too large precipitates [3,42,43]. Effective 

stoichiometric ratios have been reported with 3/ 4 Ti : 1 N, to provide a good distribution over 

the volume in order to act as efficient grain refiner [38,40 42]. TiC precipitates at lower 

temperatures compared to TiN. It  also controls the austenite grain size during reheating, 

especially in welding [44].  

2.2.2 Niobium  

Niobium is the most prominent alloying element in elevating the TNR, which is effective already 

at very low contents as depicted in Figure 3. The combination of the high stability of its 

carbonitrides (Nb(C,N)) and their deformation induced precipitation temperature in the mid to 

lower austenite region between 1000° C and 800° C [3,38,43] makes it the most effective MAE 

for delaying recrystallization and promoting a fine α microstructure. Theses Nb(C,N) precipitate 

with usual diameter of 2  3 nm at the austenite grain boundaries, deformation bands and 

austenite-ferrite interphases, which leads to an considerable precipitation strengthening 

[3,8,38,43]. Additionally, Nb possess a significantly high solute drag, by its high atom radius 

compared to Fe so that, if dissolved, it also influences the diffusion-controlled processes of 

recrystallization [38,45 48]. 

in retarding recrystallization by its solute drag. Furthermore, Nb acts in retarding the γ to α 

Figure 3: Effect  of MAE on TNR. Nb already effects at  relat ively low alloying contents of <0.05% and 

increases TNR signif icant ly. The influence of Ti and Al is less pronounced, as well as V only acts at  high 

solute contents. Adapted from [39 -40] 
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transformation in dissolved condit ion and promotes the formation of non-equilibrium 

transformed microstructures such as bainite and martensite [12,38,49]. Dissolved Nb 

precipitates during tempering and additionally provides a significant strength contribution [50].   

2.2.3 Vanadium 

Vanadium precipitates during cooling only at very low temperatures (below 800°  C), thereby it 

plays only a subordinate role as recrystallization retarding element in the TM rolling process. It 

possesses a high solubility in the austenite, which  by exclusive use of V as MAE  cannot 

inhibit the grain growth effectively. Consequently, Ti is commonly added to V micro-alloyed 

steels in order to prevent excessive grain growth at elevated temperatures [51]. Due to its low 

solute drag, V rather promotes the recrystallization prior to the γ to α transformation 

temperatures, which makes it interesting during recrystallization-controlled rolling as by this 

means, it st imulates the static recrystallization process between the rolling passes [52]. In the 

context of Nb micro-alloying it has been shown, that the transformed microstructure is smaller 

when it emerges from a unrecrystallized and pancaked austenite grain [53]. However, for V 

steels was observed, that the transformed microstructure is independent on the shape of the 

PAG, as recrystallized austenite grains produce the same α grain size as unrecrystallized γ 

grains [51,54,55]. As a result V micro-alloyed steels possess a by far uniform austenite grain, 

which is assumed to result in isotropic mechanical properties [52]. Tempering of V-containing 

steels show secondary hardening by precipitates of VC and V4C3 which results in a increase in 

hardness [56], however it was also observed that these precipitates contribute to a significant 

embritt lement [50]. 

2.2.4 Aluminum 

Al is no classic MAE, yet a prominent alloying element acting as grain refiner, so that it is worth 

listing. Aluminum is a low-cost material that surpasses the properties of Si in its role as 

deoxidation element [3]. At rolling temperatures below 1100° C it precipitates with atmospheric 

nitrogen to AlN and pins the austenite grains. Consequently, it fulfils actually two functions in 

steel production and is established in the processing of fine-grained structural steels. Al 

belongs to the α formers and raises the Ar3 temperature [3,11,57]. Regarding its 

recrystallization texture, aluminum nitrides endorse a preferential development of {111} texture 

components [8]. Due to its affinity to Nitrogen, a competit ion between Aluminum and Vanadium 

for the available N is predestined, which should be considered [58]. 
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2.3 Anisot ropy and crystallographic textures in hot  rolled steel plates 

Several research groups have dedicated numerous publications to the characterization and 

minimization of the anisotropy of hot rolled steels [27,34,59 69]. This subject is of major 

interest for both, the steel manufacturer and the processor of the steel product. Correlations 

of process parameters and the anisotropy have been described, however, a clear depiction of 

this issue does not exist until now. In specific three sources can be described which cause 

differences of the mechanical properties in longitudinal and transversal direction [59] and are 

described in the following. 

2.3.1 Inclusions 

Inclusions, such as manganese sulphides, silicates, alumina and combinations of oxides are the 

contribution of the steelmaking route to the anisotropy of hot rolled steels [59]. Inclusions 

occur during the init ial solidification and further related chemical segregations. During rolling 

theses phases, especially manganese sulphides and silicates elongate towards the rolling 

direction or fracture in the form of stringers [59,70,71]. The result are non-uniform mechanical 

properties between different testing directions in terms of fracture mode and toughness, 

tensile elongation and bending properties [59,70,72]. Nonmetallic inclusions affect the 

accumulation of stresses on adjacent cementite particles, which are more britt le then the 

matrix. MnS inclusions loose cohesion with the surrounding matrix, the stress concentration 

around the created hole results in the emerge of voids or cleavages [59,73]. A decrease in the 

rolling reduction [69,74], a reduction of sulphides concentration or the control of the shape 

and size of these nonmetallic particles [59,71,73,75] are capable to reduce the result ing 

anisotropy. A full extinction however is not possible, even if the concentration of sulphides is 

reduced below 0.01wt.-% [76]. 

2.3.2 Microst ructural anisot ropy and pancaking of the austenite grain  

The microstructural anisotropy is characterized for example by alternating planar patches of 

different microstructural constituents, e.g. layers of ferrite and perlite. This arrangement is also 

known as banding [59,76] and contributes to the orientation dependence of properties. These 

layers arise by the segregation of solutes during the cooling of the material. Elements such as 

manganese, silicon, phosphorus and sulphur are partit ioned and then solidify, resulting in a 

composition gradient. The subsequent deformation causes the expansion of these regions. 

During the following γ to α transformation, these planar shaped layers provoke the formation 

of alternating phases, by different affinity to nucleation [59]. In steels, which are alloyed with 
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austenite stabilizers to obtain a bainit ic or martensit ic microstructure, areas in which a 

depletion of these elements took place can decompose into ferrite with the result of a 

inhomogeneous microstructure [59,77]. In micro-alloyed steels, composition gradients can also 

lead to areas of reduced recrystallization-retarding elements and thus regions, where 

premature recrystallization took place, whereas other regions are highly pancaked. These areas 

contribute to the unfavorable orientation dependence of properties. In this context, also the 

pancaking of austenite grains during TM rolling involves detrimental properties, which 

manifests itself in mechanical anisotropy. During the deformation in the non-recrystallizing 

austenite unfavorable textures are promoted, which are described in the following chapter. 

Furthermore, during pancaking, the through segregations weakened boundaries fracture in the 

form of delamination cracks [78,79]. Since the austenite grains experience stronger 

deformation towards the rolling direction rather than to the transversal direction, longitudinal 

specimens naturally have a lower notch impact than transverse samples due to the described 

delamination cracking.  

2.3.3 Crystallographic texture 

The main causes of the mechanical anisotropy are defined by the aforementioned factors, so 

that the crystallographic texture often plays a subordinate role [59]. Several researchers have 

even observed, that crystallography has litt le or no role in the orientation dependence of the 

mechanical properties [59,80,81] and rather elongated sulphides [82] or an uneven distribution 

of carbide-enriched microstructural components possess the major influence [83,84]. 

Nevertheless, often one of the above-described factors coincides with an unfavorable texture 

and results in these differences of the mechanical properties between the longitudinal and 

transversal direction. A clear delineation is rarely possible, however, several texture 

components are of interest as they are associated to knowingly engender a certain orientation 

dependent material behavior. For hot rolled material, relevant components can be found in a 

ODF map in a direction of Φ2 = 45°  [85,86]. The {001}<110>, which originates from the 

recrystallized austenite cube texture and the [113}<110> texture, both located upon the α fiber 

are known to reduce ductility and simultaneously trigger significant anisotropy and shear 

fracture [85 87]. Furthermore, the {001}<110> has been found to have a detrimental effect on 

the occurrence of delaminations [85]. In opposite to that, the {332}<113> texture, which is 

located, upon the ε fiber, the same as the {554}<225>, rank as the most beneficial among the 

transformation textures in hot rolled steels as they both improve ductility [85 87]. The 
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influence of their occurrence and factors which contribute to the formation of certain textures 

are described elsewhere [85].  

Consequently, the orientation dependence of the mechanical properties can be traced back to 

the described factors. However, a clear differentiation and quantification of a certain factor to 

its effect on the anisotropy is not possible. For example, a highly pancaked austenite grain 

influences both, texture and inclusion structure and inclusions itself favor the formation of 

certain textures. A consequence of the described factors is the formation of delamination 

cracks, which are described in the following chapter. 

2.4 Delaminat ions in Charpy notched impact  specimens 

The fracture appearance of Charpy notched impact specimens of TM-processed steels is often 

characterized by delamination cracks, also known as fissures, splits or separations [88]. These 

delaminations, which typically appear aligned parallel to the rolling plane [88] have been 

reported and intensively studied in the 70s and 80s as TM rolling became increasingly popular, 

especially in the production of pipelines [11,20,28,78,79,89 100]. For the formation of 

delaminations, two condit ions must be fulfilled, (1) the austenite grain is deformed and 

pancaked through a previous TM process route and (2) the steel experienced a temper 

treatment. As-rolled DQ samples generally do not exhibit this phenomenon. Furthermore, after 

normalization these delaminations vanish [88,101,102].  

As described in the previous chapter, the mechanical anisotropy is a consequence of 

crystallographic texture, intergranual fracture along grain boundaries through a segregation of 

dissolved elements such as P, Sb, Sn and aligned particles and inclusions [61,67,103]. 

Consequently, delaminations of Charpy impact specimen are the result of these effects. The 

primary reason for delaminations cracks is the combination of highly pancaked austenite 

grains, which are aligned parallel to the rolling direction and thus susceptible for grain-boundary 

segregation [58,59] with the appearance of {001} cleavage planes along the grain boundaries 

[85,104]. These delaminations change the profile of the ductile-britt le transit ion temperature 

[102]. On the one hand, they serve by the absorption of the fraction energy through 

[106 111] by triggering the ductile fracture, which in consequence 

increases the impact energy [67,105]. On the other hand, in the ductile region they reduce the 

impact toughness through cleavage fracture parallel to the rolling sheet [105,112]. This 

occurrence of delaminations is hardly avoidable for TM rolled, high strength steels, especially 

when subjected to annealing heat treatments. However, adjustments in the rolling process are 
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capable to reduce the intensity of unfavorable textures, such as the aforementioned 

{001}<110>, which consequently can alleviate the effects of a cleavage fracture behavior 

[85,103 105].  

2.5 Relat ion of the current  thesis to the state of the art  

The current thesis builds up on the knowledge of UHS steels, the influence of common micro-

alloying elements on the microstructure and their beneficial effects on the mechanical 

properties. The thesis should span the bow between the present knowledge of TM processed 

steels and the quantitative description of the underlying microstructural processes. The 

emphasis thereby shall be on the characterization of the microstructure and the depiction of 

the influencing parameters. In concrete, how micro-alloying elements influence the 

recrystallization and if the observations from laboratory scale investigations can be transmitted 

to the industrial scale in the hot strip mill. A further focus lays on the mechanical isotropy, 

which is dependent on several factors as described above, however, possesses no quantifiable 

and dist inguishable dimension. Hence, the effect of various alloying elements on 

microstructure, mechanical properties and especially their connection to the mechanical 

anisotropy should be clarified and be discussed.  
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3 Summary of Publicat ions 

3.1 List  of Publicat ions 
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Cont ribut ions of the author: The author of this thesis is responsible for planning, conception 

and writ ing of all papers. The steel samples for the metallographic analysis were provided by 

voestalpine Stahl GmbH. Furthermore, the rolling of the test alloys was performed at the 

voestalpine in Linz, as well as the measurement of the mechanical properties. All 

microstructural investigations (experiments and data evaluation) were carried out  and 

interpreted by the author himself or executed in form of a supervised thesis. Following results 

were produced externally:  

Paper I: The Confocal Laser Scanning Microscopy was performed at the Chair of Ferrous 

Metallurgy at the Montanuniversität Leoben. 

Paper V: The quantification of the ODF maps was executed at the Christian Doppler 

Laboratory for Advanced Aluminum Alloys at the Montanuniversität Leoben. 
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Montanuniversität Leoben. 
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ultrahochfesten Warmbands. Bachelor thesis, Montanuniversität Leoben. 
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3.2 Summary of published contents 

3.2.1 Aim and scope of the invest igat ions 

The aim of this thesis was to establish the microstructure-property relationship of UHS steels. 

Due to the fact, that during TM rolling, the finish rolling is accomplished below TNR, the austenite 

grain experiences a pancaking towards the rolling direction. This elongation of the γ grain is 

assumed to influence the isotropy of the mechanical properties negatively. Thus, the first 

investigations comprised the visualization and quantification of the microstructure of 

martensit ic UHS steels. For these examinations, light optical microscopy was used. The 

properties of the emerging product are dependent on the underlying microstructural 

development. Thus, the subsequent investigations concentrated on the description of the 

recrystallization processes, such as dynamic and static recrystallization. To study these 

recrystallization processes, the suitability of laboratory scale deformation units needed to be 

established. Therefore, a deformation dilatometer Bähr 805 A/ D came to application to display 

and describe the influence of MAE and the process route in terms of their impact on the 

microstructure. The crucial issue of the present thesis is the optimization of the mechanical 

properties, in specific, the isotropy of TM rolled steels. In contrast to that, material, which is 

air-cooled after rolling and then quenched and tempered shows clear advantages. The key to 

solve this questions consisted of two different approaches. In a first method, four industrially 

available TM processed UHS steel grades were characterized in terms of their mechanical 

properties and the peculiarit ies of their microstructure in the as-rolled (TM-rolled) condit ion 

and after six different normalization and quenching treatments. Therefore, three temper 

resistant steel grades (Steel B and modifications thereof) and a wear resistant steel grade 

(Steel  A) were mechanically tested in different heat treatment condit ions. The second key to 

treat the central issue was the production and processing of 15 different test alloys. Based on 

intensive reviews of the existing literature and the knowledge and experience of the processing-

property relationship following condit ions were defined: 

 A carbon content of 0.17% defines sufficient strength (YS >1100 MPa) in the direct 

quenched condit ion and still offers excellent weldability. 

 The process parameters need to be applicable at the hot mill simulation unit and 

compatible with the hot strip mill. Two different FRT should be performed. 

 The influence of MAE on the mechanical properties and their behavior after re-

austenitization as well as their behavior after tempering should be established. 
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The available UHS steel grades, Steel A and Steel B were therefore adapted with regard to 

different MAE and rolled in a hot mill simulation unit. Six different condit ions of the test alloys 

were investigated, in concrete terms, two different FRTs in the as-rolled and tempered condit ion 

and compared to RQ and RQ+T. The mechanical and microstructural investigations should 

clarify the influence of the MAE and process parameters as basis for the development of new 

UHS steels.  

The investigations performed should answer the following questions: 

 Which methods are well-suited for the visualization and characterization of the micro-

structure prior to the martensit ic transformation? This technique should be easy-to 

applicable, reproducible and describe the PAG structure with regard to their size, 

distribution and aspect ratio.  

 Is it possible to study recrystallization processes on a laboratory-scale? Are 

peculiarit ies, measured with a deformation dilatometer, visible in the microstructure? 

Does this method finally allow the reconstruction of a hot-rolling scenario on the 

dilatometer and a subsequent study of the microstructural evolution? 

 Does the processing route influence the hardenability of UHS steels? Although, MS and 

MF are determined by the chemical composition, the condit ion of the γ grain or 

precipitated/ dissolved elements influence the diffusion-less and non-equilibrium 

transformations. Is it consequently possible, that for a given chemical composition the 

hardenability is alterable by different productions routes? 

 What is the role of the processing route on the properties of UHS steels? How do MAE, 

in specific Nb and V, influence the mechanical properties in the as-rolled condit ion? In 

which expand are strength and toughness changed through a subsequent tempering? 

 Are the differences of mechanical properties in longitudinal and transversal direction 

dependent on the microstructure and what is the role of the used MAE? Is the 

mechanical anisotropy inherited or can an intensive heat treatment in the austenite 

region delete this property?  

These questions are discussed in the following pages with respect to the published papers 

enclosed to this thesis.  

 

3.2.2  Visualizat ion of the prior austenite grains 

The first assignment of the present thesis was to establish a technique for an efficient, 

economic and reproducible characterization of the microstructure of TM processed UHS steels. 
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This task is inevitable to connect the microstructure with the mechanical properties of the 

actual industrially produced TM+DQ steel products, Steel A and Steel B. And further, this issue 

is of major interest in order to transfer the mechanical properties of the subsequently 

developed test alloys down to the characteristics of its microstructure. Due to the fact, that 

the size of the PAGs defines the dimensions of the transformed α or α [113

115] and so the strength and toughness of the emerging steel product, the access to the prior 

γ grain is fundamental. Moreover, the PAG contains certain features, which are inherited to the 

transformed microstructure and manifest themselves in an anisotropy of the mechanical 

properties [59,60,63]. 

Due to the fact, that the microstructure of direct quenched steels mainly consists of martensite 

and bainite, the austenite grain cannot be accessed conveniently. Also literature often depicts 

the process to access PAGs of martensit ic steels as demanding procedure [116,117]. In 

Paper I, several techniques are presented to reveal the PAG structure of different martensit ic 

UHS steels.  

A standard technique to reveal the actual transformed ferrit ic/ bainit ic/ martensit ic micro-

structure consists of a etching witch Nital. In some cases, this etchant can be sufficient to mark 

the PAG as displayed in Figure 4a. Regarding the highly-pancaked austenite grain of a TM steel 

in Figure 4b, the blocks, which emerge from the former γ grain boundaries provide information 

about the posit ion of the PAG. For a pure qualitative analysis of the PAG size and structure, this 

Nital etchant can be satisfactory, however it is not suitable for an accurate quantification.  

Figure 4: In some cases, a Nital etchant  is suff icient  to reveal the PAG boundaries, exemplarily depicted 

for a plain carbon st ructural steel (a). Due to the fact , that  the laths and blocks are oriented towards 

the highly-pancaked austenite grain, their boundaries can be assumed as displayed for a TMP UHS steel 

in (b). For a quant if icat ion of  the PAG st ructure, however, this etchant  is not  suitable.  

b) a) 
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The main method of choice consists of a picric acid etchant. Based on the composition 

proposed by Bechêt and Beaujard in 1955 [118], this etchant was modified by different wett ing 

agents and varying additions of HCl [117,119 121]. The resulting successful composition 

consists of picric acid and Sodium dodecyl sulfate as wetting agent, which is cold filtered and 

then, depending on the alloying content of the investigated material, mixed with 1 -3 drops of 

HCl [36].  If the etching attack does not produce the desired results, it is recommended to heat 

the etchant in a water bath to 70° C and then to repeat the etching, taking a much shorter 

etching time (<1min). A clear improvement of the etching result can be accomplished, if the 

samples experience a temper treatment at 600° C for 15 min. Figure 5 shows the successful 

application of the developed etchant on a micro-alloyed UHS steel (Steel B) processes with an 

FRT of a) 900° C and b) 850° C. With decreasing reduction below TNR, the pancaking increases. 

After re-austenitization (Figure 5c) the PAGs appear in a globular shape.  

Further techniques were investigated to visualize the PAGs. In specific, an automated 

reconstruction via EBSD data on basis of the theoretical transformed groupoid structure formed 

by the origin grain (ARPGE) proposed by Cayron [122 125]. It represents a reliable alternative 

to metallographic techniques as investigated by several researchers, who prove its adequacy 

in the reconstruction of the PAG structure of martensit ic steels [126] and welding structures 

[127 129]. This technique was successfully applied as demonstrated in Figure 6a-c. This 

technique addit ionally allows both, a quantification of the martensit ic grains and of the 

reconstructed prior austenite grains. However, this technique requires a t ime consuming 

sample preparation and an intense EBSD scanning of at least 4 h and consequently fails as 

suitable method for the reproductive characterization of a large number of PAGs. Nevertheless, 

this technique shall play an important role in the characterization of the microstructure of the 

test alloys, which will be discussed in a subsequent chapter (Paper III and V).  

Figure 5: Successful applicat ion of the developed etchant  to reveal PAGs of a  martensit ic steel (Steel B).  

a) After a f inish rolling at  900° C, the pancaking of the γ-grains of the micro-alloyed UHS steel is already 

present , yet  st ill globular grains appear. b)  The same steel processed with a FRT of 850° C, the pancaking 

is signif icant ly increased. c) After re-austenit izat ion, the grains appear in  a globular shape. 

b) a) c) 
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The effectiveness of an etchant is shown when the images enable a quantification of the 

highlighted microstructure and the effort  of a manual post -processing is minimal. In 

combination with the [130], the grains 

were quantified in terms of equivalent grain size and the corresponding aspect ratio after 

application of the established etchant. Subsequently a grain size distribution was performed as 

depicted in Figure 7 for three different positions: near the surface of the strip,1.5 mm and 3 mm 

below the strip of the TM-processed UHS steel, which was finish-rolled at a temperature of 

a) 850° C and b) 900° C. 

The established etchant consequently enables in combination with an image analysis software 

conclusions concerning the recrystallization behavior in the austenite region dependent on 

temperature and the degree of deformation. This may serve as basis for studies on the 

recrystallization behavior of TM-processed steels in order to highlight the influences on the 

microstructure with varying deformation parameters, which was performed in Paper II. 

Figure 6: EBSD map with selected grain zones: a) Image quality map with inverse pole f igure map,  

b) correlat ing black/ white image quality map with dark shaded phase boundaries and c) unique color 

coded map of reconst ructed PAGs with ARGPE.  

Figure 7: Grain size analysis of Steel B according to ASTM E 112  12 at  a FRT of 850 ° C (a) and a FRT 

of 900 ° C (b) at  three different  posit ions (surface, ¼  of st rip thickness and center thickness). 
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3.2.3  Invest igat ions on the recrystallizat ion behavior  

Microstructural processes in a hot-rolling mill consist of static, dynamic and metadynamic 

recrystallization, recovery and complex combinations thereof [48,131 141]. To portray these 

microstructural processes on a laboratory-scale, Paper II describes diverse possibilit ies to 

characterize firstly the recrystallization behavior of differently alloyed steels and thus the 

influence of several MAE by means of flow stress curves recorded with a Deformation 

Dilatometer Bähr 805 A/ D [142]. The chemical composition of the six steels investigated is 

listed in Table 1.  

 

To study the SRX, which would correspond to the recrystallization between the rolling passes, 

double-hit deformations are the method of choice. Furthermore, with this method, the 

determination of the TNR is possible [39,134 145]. For the quantitative description of dynamic 

recrystallization, flow stress curves with varying temperature and strain rate are performed to 

calculate the activation energy EA for the onset of DRX [137,146 151]. The static 

recrystallization is associated with a softening and follows the Johnson - Mehl  Avrami kinetics. 

This softening is displayed in Figure 8 for the six steels investigated and can be divided in mainly 

two groups. Steel 1 (S275JR) and 2 (16MnCr5), as well the hardenable Steel A show an 

accelerated softening due to the lack of recrystallization retarding elements. 

Steel 2 (S355+Nb), Steel B and Steel C possess a delayed SRX. Although Steel A, which 

accordingly belongs to the UHS steels, alloyed with a significant amount of γ stabilizers, 

recrystallizes like a plain carbon steel. Moreover, the S335+Nb steel, ranks in the group of UHS 

steels concerning its retarded recrystallization, which can be related to the augmented effect 

of Nb.  

 

 

 

 

Steel Descript ion C Mn Cr Ni Mo Cu V Ti Nb B 

1 S275JR 0.15 1.1 0.02 <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.001 

2 16MnCr5 0.15 1.2 1.20 <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.001 

3 S355 + Nb 0.15 1.1 0.02 <0.01 0.01 0.03 <0.01 <0.01 0.01 <0.001 

A hardenable steel 0.17 2.3 0.30 <0.01 0.01 0.08 <0.01 0.02 <0.01 0.002 

B hardenable steel +MAE 0.17 1.4 0.70 1.0 0.50 0.45 0.05 0.02 0.04 <0.001 

C hardenable steel +MAE 0.09 1.8 1.00 0.50 0.20 0.01 0.10 0.02 <0.01 <0.001 

Table 1: Chemical composition of the steels investigated [wt-%]. Steel C is a modification of the 

tempered TM-Steel B and is investigated in detail in chapter 3.2. 
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In order to investigate the microstructural evolution of Steel A and Steel B, which rank in the 

same strength grade, but show a different recrystallization behavior, the above-described 

developed etching agent was used to show their different grain evolution. A deformation 

sequence with increasing cumulative strains, simulating a hot rolling scenario was performed 

to show, how both steels react on the imposed deformation. Figure 9a shows, that Steel A 

recrystallizes between the deformation passes, developing a uniform globular grain size (Figure 

9b), whereas Steel B possesses increasing flow stresses after each pass due to the usage of 

Nb. According to Figure 9c, the grain sizes decrease after each pass, yet a significant amount 

of bigger (pancaked) grains remains. 

 

 

 

 

 

 

 

 

 

Figure 8: Classif icat ion of six low C-steels with varying alloying content  relat ing to their SRX 

behavior following the Johnson-Mehl-Avrami recrystallizat ion kinet ics. Two groups can be 

different iated: On the left  side, steels with a rather fast  softening behavior, on the right  side, steels 

in which the recrystallizat ion is decelerated.  
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3.2.4  Influence of the processing route on the hardenabilit y  

In Paper II, it  was shown, that two investigated steels, Steel A and Steel B, both with a carbon 

content of 0.17%, rank in a similar strength level although their alloying concept and 

consequently their microstructural evolution differ considerably. Due to the lack of Nb, Steel A 

exhibits a fine uniform grain after each rolling pass, whereas the grains of  Steel B are 

significantly bigger and possess an elongated (pancaked) shape. If the hypothesis is confirmed, 

that a recrystallized austenite grain is able to reduce the mechanical isotropy, the use of MAE, 

which promote the pancaking, need to be reconsidered. Consequently, the loss of hardness 

through the dispense of MAE needs to be compensated. To guarantee the required strength 

and hardenability for the defined carbon content, the compensation is accomplished by the 

increase of elements which retard the γ to α transformation and increase hardenability. This 

issue was investigated in Paper  III, in which the influence of the processing route on the crit ical 

cooling rate was explored. Three steels were object of this research: Steel A and Steel B, whose 

composition is given in Table 1, and a variant of Steel A with 0.04% Nb. Different cooling rates 

Figure 9: Sequenced deformat ion performed on two UHS steels. a) Flow st ress curves of Steel A and 

Steel B. Despite of their same st rength level, concerning their softening they behave different ly: Steel A 

shows a softening between the passes, whereas Steel B shows increasing f low st resses. Grain size 

dist ribut ion of Steel A (b) and Steel B (c) after the different  rolling passes.  

c) b) 

a) 
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were applied after deformation corresponding to two different rolling cycles with varying finish 

rolling temperatures (FRT). The obtained hardness values were compared to those received 

through conventional quenching after austenitization.  

The investigations, depicted in Figure 10, showed, that the samples processed via TMP 

obtained significantly higher hardness values compared to the RQ route. Moreover, the 

hardness increased with decreasing FRT. Further, it was observed, that , that Nb leads to an 

expedited formation of bainite and ferrite, which was observed for the samples of Steel A +Nb 

subjected to re-austenitization and quenching. For the lower cooling rates, the hardness of the 

RQ specimen decreases considerably due to the increased PAG size [152]. In a dissolved 

condit ion Nb rather retards the γ to α transformation as it was experienced by the TM 

processing of Steel B. Further it was observed, that finer grains additionally promote an 

accelerated martensite transformation. Increasing the reduction in the non-recrystallizing 

austenite regime elevates the MS temperature. This effect dominates over an accelerated 

formation of martensite due to smaller austenitic grain sizes.  

Figure 10: Effect  of FRT on the hardenability of Steel A, Steel A +Nb and Steel B compared to 

quenching after previous austenit izat ion for 5 min at  930° C. A decreased FRT delivers higher 

hardness values for all steels. However, Steel B exhibits a signif icant  hardness decrease at  low 

cooling rates compared to the higher FRT and the Q-route. Top graph: Nb retards the hardenability 

on the undeformed and simple quenched samples. Middle graph: with increasing Nb content , higher 

hardness values are achieved at  a FRT of 875° C. Bot tom graph: Nb influencing the f inal hardness 

and retarding the γ to α t ransformat ion at  low cooling rates at  a FRT of 950 ° C. 
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3.2.5  Effect  of Nb and V on the microst ructure and the mechanical propert ies of 

direct  quenched and tempered steels 

Paper IV dealt with the role of Nb and V micro-alloying and compares the influence of the 

process routes, especially the influence of the finish rolling temperature during TMP on the 

mechanical anisotropy [50]. With special emphasis on the orientation dependence, the 

mechanical properties obtained by a TM process route were compared to those achieved 

through a RQ process route. For these investigations, test alloys based on the concept of 

Steel A, which was examined in the previous Papers I - III, were produced and rolled on a hot-

mill simulator. The chemical composition is listed in Table 2. Base alloy 1 (* ) corresponds to 

the composition of Steel A, which was alloyed with varying amounts of Nb. Base alloy 2 is a 

variant of Steel A which was alloyed with 0.7% Cr in order to increase temper resistance and 

enhance hardenability [2,4,6,8]. To base alloy 2, varying amounts of V were added to investigate 

the influence of V in retarding recrystallization and its role during tempering.  

 

Paper IV combines the gained knowledge of the (1) metallographic analysis, (2) the 

quantification of the DRX behavior via the Zener-Hollomon parameter and the activation energy 

and (3) the characterization of the mechanical properties in terms of their anisotropy. On the 

one hand, several observations reported in literature could be confirmed, however a lot of 

details were completely unknown. Metallographic investigations on the PAG structure 

confirmed the impact of Nb on the pancaking of the γ grain, which resulted in a strong strength 

contribution in combination with a low FRT (0.04% Nb: +50 MPa). Unattended till now, however, 

was the even more pronounced impact of Nb on the strength after tempering, which can be 

seen in Figure 11. An addition of 0.04% Nb to the base alloy 1 result in an increase of 130 MPa 

in strength after tempering compared to the Nb-free variant. The effect of V on the strength 

improvement after TM rolling is very small, however, after tempering, an addition of 0.2% V 

increases the strength compared to the V-free variant by an amount of 200 MPa. This increase  

Base alloy Variat ion C Si Mn Al Cr Cu V Nb Ti B 

 (* ) 0.167 0.20 2.38 0.049 0.280 0.089 0.005 <0.002 0.021 0.0025 

1 Nb+ 0.173 0.19 2.36 0.043 0.280 0.079 0.005 0.021 0.020 0.0024 

 Nb++ 0.175 0.20 2.37 0.041 0.280 0.089 0.005 0.040 0.020 0.0026 

  0.169 0.20 2.30 0.057 0.710 0.078 0.005 <0.002 0.021 0.0024 

2 V+ 0.170 0.21 2.30 0.053 0.700 0.078 0.097 <0.002 0.021 0.0026 

 V++ 0.179 0.22 2.29 0.049 0.700 0.081 0.194 0.002 0.021 0.0026 

Table 2: Chemical composition of the test alloys, based on Steel A (* Base alloy1) and modified with 

Nb, V and Cr [wt-%] 
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in strength, however is accompanied by a decrease of the Charpy impact toughness through 

the embritt ling effect of precipitation hardening. In order to compare the TM processed steels 

with regard to their mechanical anisotropy to those, which were subjected a conventional 

hardening, all test alloys were additionally tested after re-austenitization prior to quenching. 

The metallographic analysis delivered an equiaxed austenite grain, however, the mechanical 

anisotropy was not improved. It was observed, that a higher FRT in TM rolling resulted in a 

decreased pancaking and improved mechanical anisot ropy, yet, the globularization of the γ 

grains through re-austenitization even deteriorated the isotropy. Nevertheless, the question 

remains, what else is responsible for this anisotropy. Furthermore, why does the reduced 

pancaking through a higher FRT results in an improvement of this anisotropy, whereas a full 

equiaxed grain does not. Consequently, there is an accumulation of properties in hot -rolled 

materials that are active even after austenitization. In order to further investigate this issue, 

Paper V addresses the question of whether this inheritance is dependent on the MAE 

composition and whether it is possible to extinguish it by varying heat treatments. 

3.2.6  Invest igat ions to separate the mechanical anisot ropy and texture  

According to the acquired knowledge, presented in Paper IV, the globular γ grain of a re-

austenitized UHS steel does not result in the extinction of the mechanical anisotropy. The 

Figure11: St rength cont ribut ion of Nb and V. The effect  of V for st rength improvement  during 

TM rolling is very small (dashed lines), and even negat ive if re-austenit ized. However, during 

tempering it  signif icant ly increases the UTS by 200 MPa (dot ted lines). Nb has no effect  as 

st rengthener after re-austenit izat ion and Q, however, delivers a plus of >50MPa after 

tempering. During TM processing (DQ850, DQ930), lit t le amounts of Nb already cont ribute to a 

st rengthening. After tempering, again the effect  is even more pronounced  
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aforementioned causes, which can contribute to a mechanical anisotropy of hot rolled steels 

(chapter 2.4) - and are concurrently not related to the metallurgical process route - are 

consequently reduced to a single reason. Paper V clarifies the issue, if the mechanical 

anisotropy can be connected to a remaining texture, which is inherited to the microstructure 

after re-austenitization. Furthermore, the question seeks clarification if it is possible to 

extinguish both anisotropy and/ or texture through intensive heat treatments and normalization 

in the austenite region. These investigations were performed on four different industrially 

available UHS steels with varying alloying contents. In specific, three micro-alloyed and temper 

resistant steels, Steel B and variations thereof (subsequently named as Steel C and D) and 

additionally Steel A were investigated. The two variations of Steel B possess a decreased 

carbon content of 0.09%, the chemical composition of Steel C is given in Table 1, Steel D has 

lower additions of Cr and Ni. Steel A and Steel B, both have a carbon content of 0.17%. As 

mentioned in Paper III, Steel A is alloyed with elevated additions of Si and Mn to enable a 

through-hardening [153]. The temper resistance of Steel B is given by elevated amounts of Cr, 

Ni, Mo and Cu [13,153,154]. Steel B possesses also 0.04% Nb in order to facilitate for a TM 

process route by increasing TNR. The steels were investigated in the as-rolled condit ion and 

compared to re-austenit ization and quenching, for which three different austenitization 

procedures were performed. The conventional re-austenitization and quenching consists of an 

austenitization at a temperature of 930° C for 5  min followed by water quenching. In the second 

route (NRQ), quenching is performed after a normalization treatment and an extended 

austenitization time of 30 min. In the third route (HRQ), quenching was executed after a higher 

austenitization temperature of 1050° C. 

Regarding the microstructure, analyzed by means of EBSD techniques, a clear pancaking of the 

Steel B and Steel C towards the rolling direction is observed after TM + DQ (Figure 12b + c). 

The inverse pole figure map of Steel B clearly highlights the impact of Nb on the grain 

refinement, both, in DQ condit ion but as well after RQ (Figure 12e). The martensit ic 

microstructure of Steel A originates from globular PAGs, which are clearly visible in Figure 12a 

and are obviously larger compared to Steel B. During re-austenitization, the PAGs of all steels 

investigated form a globular shape, which can be seen in Figure 12 d  f. The grains of Steel C 

coarsen as well by RQ due to the lack of N  
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It was observed as well, that by hardening after a prior re-austenitization the UTS decreases 

significantly. According to Figure 13a, the heat treatment in the γ region has a negative effect 

on the Charpy impact toughness of Steel C and Steel D, especially if a normalization is 

performed prior to quenching. The impact toughness of Steel B is slightly improved. At first 

glance, the anisotropy of Steel C and Steel D appears to be improved, however, regarding the 

absolute AV values it becomes apparent, that the toughness decreases into the britt le fracture 

region. Also the innately low anisotropy of Steel A can be traced back to the generally low level 

of impact toughness. Regarding Steel B, no influence of the heat treatment on the anisotropy 

can be observed. The different behavior of the impact toughness after re-austenitization is 

explained by the different microstructural evolution of the steels. EBSD images highlighted, 

that the grains of Steel A, Steel C and Steel D significantly coarsen during re-austenitization, 

whereas Steel B maintains  through the grain pinning of Nb precipitates  a very small grain 

size.  Figure 13b describes the volume portions of the relevant texture components, which were 

analyzed by means of XRD measurements and calculated with MTEX [155] based on the 

obtained pole figures. All steels investigated contain a decisive fraction of the {001}<110> 

Fig. 12: EBSD inverse pole f igures for the t ransversal direct ion in the as-rolled condit ion for 

a) Steel A, b) Steel B and c) Steel C. The MAE in Steel B (b) and Steel C (c) promote a pancaking 

towards the rolling direct ion, the PAGs are clearly visible as elongated grains. Steel B (b) exhibits 

the f inest  microst ructure (martensit ic block and laths). Steel A (a) possesses globular PAGs. 

d-f) Although, after re-austenit izat ion and quenching (RQ) the PAGs increase and globular ize for 

d) Steel A and f) Steel C, Steel B (e) st ill maintains the f inest  microst ructure.  
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component. This orientation arises from the recrystallized austenite cube texture [85,156] and 

thus is sparely present in Steel B which is alloyed with strong recrystallization retarding 

elements (Nb) preventing a recrystallization prior to transformation. The {001}<110> texture is 

unfavorable for impact toughness, provokes delamination and crack propagation [85,104], 

which can be observed in the AV/ T diagram in Figure 13b. With an increase of the {001}<110> 

component, the impact toughness decreases diametrical and falls to values below 50 J already 

at a temperature of 0° C. The relatively high proportions of the {001} in-sheet plane component 

in the DQ condit ion of Steel A, C and D might explain differences between L and T. This is 

a) b) 

Figure 13a: Charpy impact  toughness between -40° C and 0° C and the corresponding differences between 

the longitudinal and t ransversal direct ion. Steel C and D deteriorate through re-austenit izat ion and even 

more after normalizat ion and quenching. Steel A does not  show pronounced influence of the hardening 

t reatment  due to generally lower impact  toughness. The impact  toughness values of Steel B, which are 

already very high are lit t le improved through both RQ and NRQ.   The L-T anisot ropy of Steel C and D 

seems to benefit  from re-austenit izat ion, whereas Steel B does not  show any react ion not  even by high 

austenit izat ion temperatures. 

Figure 13b: Effect  of the different  hardening procedures on the texture components of the invest igated 

steels calculated through MTEX based on the obtained pole f igures. Decreasing textures can be observed 

during re-austenit izat ion of Steel A and Steel B. Steel C shows an augmented {001}<110> texture after 

normalizat ion, Steel B exhibits texture remnants, however the proport ions change after re -austenit izat ion 
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confirmed by the fact, that a reduction of the {001}<110> partit ions reduce the impact 

toughness anisotropy after RQ (Figure 13a). However, the question remains, why an almost 

levelled-out texture distribution as it exists in Steel A after re-austenitization (Figure 13b) st ill 

possesses small but present differences between L and T. And in opposite to that, Steel B, 

which exhibits a significant amount of defined texture components even after HRQ exhibits 

excellent Charpy impact values in each condit ion (DQ and RQ) with a relatively small anisotropy. 

Consequently, a clear link between a remaining anisotropy and prevailing textures thus cannot 

be made with certainty. However, the present investigations confirm, that the FRT not only 

plays a major role during TMP but rather influences the mechanical properties through the 

inheritance of microstructural characteristics. Although, the usage of MAE and the reduction 

of the FRT provokes through a highly deformed γ grain a mechanical anisotropy, this does not 

mean simultaneously, that the microstructural cancellat ions of these peculiarit ies are the key 

to a mechanical isotropy.  
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4 Out look and open quest ions 

The aim of the thesis was to provide deeper insight into the microstructure-property 

relationship of hot rolled UHS steels. The obtained knowledge should serve as basis for the 

development of steels with improved mechanical properties and an improved mechanical 

isotropy. It was verified, that an increased reduction in the non-recrystallization regime results 

in an augmented mechanical anisotropy. However, a correlation between the degree of 

pancaking and the differences between the mechanical properties in L and T direction has been 

disproved. Despite of a globular austenite grain after RQ, it occurs, that the mechanical 

anisotropy in the Charpy impact test is present in the same extent as after DQ, in which the 

aspect ratio achieves values above 3. This fact is in contradiction to the phenomenon, that an 

elevated FRT which is associated with a reduced pancaking reduces the mechanical isotropy. 

Further it was observed, that tempering decreases the mechanical anisotropy too, although the 

size and structure of the PAG remains untouched at the corresponding temperature of 600° C. 

Although, it  has been described, that several peculiarit ies, such as a preferential texture are 

inherited after re-austenitization, it was observed, that the corresponding mechanical 

anisotropy often behaves diametrically to its microstructural characterist ics: A remaining 

texture with constant volume portions observed in samples of Steel B lead to a inalterable 

anisotropy in the Charpy impact toughness, whereas the Steel A shows the same anisotropy 

despite of an elimination of its texture components. And further, normalized and quenched 

samples of Steel C exhibit a strong austenite cube texture and in opposite do not possess any 

anomalies in its mechanical anisotropy [157].  

Although, several factors influencing the mechanical anisotropy have been illuminated and 

specific correlations could be established, the remaining anisotropy have not been understood 

entirely. Consequently, this open questions leave room for certain assumptions. In specific: 

why does a temper treatment reduce the differences of the mechanical properties between L 

and T, although no crystallographic rearrangement (recrystallization) takes place? The relatively 

high amount of carbide forming elements stabilizes the laths and lath boundaries so that the 

reduction in the dislocation density merely is accompanied by the emerge of lath-shaped ferrit ic 

grains, whose packets are aligned in the same direction as the lath in the original marten-

site [29]. The laths and packets of a TM rolled material are mainly oriented in 45°  towards the 

rolling direction as they origin from its pancaked γ grain, but no rearrangement occurs during 

tempering. The only assumption is, that through tempering the Fe3C particles arrange in a 

specific orientation which reduce the mechanical anisotropy. This hypothesis could be clarified 
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by TEM investigations. Nevertheless, this thesis should be regarded with reservation as it  was 

observed, that the apparent improvement of the anisotropy often is accompanied by the 

deterioration of the absolute values. The initial differences between L and T are reduced, 

however, there was no improvement regarding the relative difference values.  

Subsequently, several factors play a role in the existence of mechanical anisotropy. A 

significant influence is the shape and orientation of non-metallic inclusions [75,158 160], 

which, however, were not the objective of this thesis. Nevertheless, to further understand and 

especially quantify the mechanical anisotropy, the characterization of these inclusions and its 

role concerning the different mechanical behavior between L and T is a topic worth 

investigating.  

Nevertheless, w -

established and already finds application in the first mobile cranes. This strength level is a mile-

stone in the development of TM processed structural steels, with regard to the defined carbon 

content.  
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Kurzfassung
Bei der Entwicklung von Stählen mit zuneh-
mender Festigkeit und Zähigkeit erlangen ul-
trahochfeste Stahlsorten mit martensitischer 
Mikrostruktur immer größere Bedeutung. 
Festigkeitsspezifische Eigenschaften, die sich 
hauptsächlich auf das vormalige Austenitkorn 
beziehen, sind jedoch vom vorliegenden mar-
tensitischen Umwandlungsprodukt nicht un-
mittelbar zu entnehmen. Eine fundierte Analyse 
der vorherigen austenitischen Mikrostruktur, 
ihrer Größenverteilung und ihres Seitenverhält-
nisses ist grundlegend, um Schlussfolgerungen 
bezüglich der mechanischen Eigenschaften 
zu ziehen. Diese Arbeit stellt ein Ätzmittel vor, 
welches die ursprünglichen Austenitkörner von 
thermomechanisch behandelten und press-
gehärteten martensitischen Stählen sichtbar 
macht. Weiterhin werden Nachweisverfahren, 
wie Elektronenrückstreubeugung (EBSD) und 
Hochtemperatur-Laser-Scanning-Mikroskopie, 
bewertet. Es stellte sich heraus, dass ein Pikrin-
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Abstract
In the development of steels with increasing 
strength and toughness, ultra-high strength 
steel grades with a martensitic microstruc-
ture are gaining more importance. From the 
martensitic transformation product, how-
ever, strength-specific quantities derived 
from the former austenite grain cannot be 
accessed conveniently. A profound analysis 
of the prior austenite microstructure, its size 
distribution and aspect ratio is essential in 
order to allow conclusions on the mechani-
cal properties. This paper presents an etch-
ant to reveal the prior austenite grains of 
thermomechanical processed and press 
hardened martensitic steels. Furthermore, 
alternative detecting methods such as elec-
tron backscatter diffraction (EBSD) and 
high-temperature laser scanning confocal 
microscopy were evaluated. It was found 
that a picric-acid etchant in combination 
with a prior tempering treatment of the steel 
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säure-Ätzmittel zusammen mit einer vorherigen 
Anlassbehandlung des Stahls das Sichtbarma-
chen der ursprünglichen Austenitkörner bis zu 
Größenordnungen weniger Mikrometer, und 
deren Streckung ermöglicht.

1. Einleitung
In den vergangenen Jahrzehnten konnten sich 
martensitische Stahlprodukte einer immer 
größer werdenden Beliebtheit erfreuen. Viele 
Faktoren haben zur absoluten Notwendig-

enables the visualization of prior austenite 
grains and their elongation in a micrometer-
scale. 

1. Introduction
In the last decades, martensitic steel prod-
ucts became increasingly popular. Multiple 
factors have led to its indispensable need. 
On the one hand side its demand is stressed 

Fig. 1: Elongation Am vs. tensile strength Rm, showing ductility-strength combination of several steels. 
With the conventional steels on the very left side, possessing high elongations and little strength: Inter-
stitial-free (IF) and mild steels. Representatives for high-strength steels are bake-hardening steels (BH), 
heat-treatable quenched and tempered (Q&T) steels (CMn) and high-strength-low alloyed steels (HSLA). 
Transformation-induced plasticity steels (TRIP), dual-phase (DP) and complex-phase (CP) steels fill in 
for the advanced-high-strength steels (AHSS), closing up with martensitic and press-hardening (PH) 
steels as representative for the ultra-high-strength steel (UHSS) group possessing highest strength and 
reduced elongations. 

Bild 1: Streckung Am vs. Zugfestigkeit Rm, Darstellung von Zähigkeits-Festigkeits-Kombinationen ver-
schiedener Stähle. Konventionelle Stähle ganz links, mit hoher Dehnung und geringer Festigkeit: IF-
Stähle (IF) und Baustähle. Vertreter der hochfesten Stähle sind Bake-hardening-Stähle (BH), Vergütungs-
stähle (Q&T), CMn und hochfeste niedriglegierte Stähle (HSLA). TRIP-Stähle (TRIP), Dualphasenstähle 
(DP) und Komplexphasenstähle (CP) stellvertretend für AHS-Stähle, und schließlich martensitische und 
pressgehärtete Stähle (PH) als Vertreter der Gruppe der ultrahochfesten Stähle (UHSS) mit den höchsten 
Festigkeitswerten und verminderter Bruchdehnung. 
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keit dieser Stahlsorten geführt. Der Grund für 
deren Nachfrage liegt einerseits im sich stetig 
verbessernden Nutzlast zu Eigengewichtsver-
hältnis und der damit einhergehenden höhe-
ren Effizienz und Wirtschaftlichkeit. Anderer-
seits erfordern schwindende Ressourcen und 
fortschreitende Industrialisierung hochfeste 
Baustähle unter gleichzeitiger Realisierung 
wirtschaftlicher Herstellungsverfahren [1]. Die 
Steigerung der Festigkeit steht in direktem 
Zusammenhang mit dem Verlust der Zähig-
keit, dies wird in Bild 1 durch die Abhängig-
keit der Bruchdehnung von der Festigkeit für 
verschiedene Stahlsorten dargestellt [2]. In 
der Entwicklungsgeschichte konnten durch 
eine höhere Prozessreinheit im Bereich der 
Sekundärmetallurgie und Fortschritte beim 
Legieren und bei Verarbeitungsprozessen 
deren Anfälligkeit für Sprödbrüche gemindert 
werden [3]. Hinzu kommt, dass eine Feinung 
des Austenitkorns den gleichzeitigen Anstieg 
von Festigkeit und Zähigkeit ermöglicht. Ultra-
hochfeste Baustähle (UHSS), wie sie z. B. in 
den Auslegern von Mobilkränen Verwendung 
finden, werden durch thermomechanische 
Behandlung (TMB) hergestellt [4]. Die Kom-
bination aus Kornfeinung und Pancaking des 
Austenitkorns mit anschließendem Direkt-
härten (DQ, direct quenching) liefert einen 
martensitischen Stahl mit hoher Festigkeit 
und guten Zähigkeitseigenschaften [5]. Im 
Automobilsektor kann diese Festigkeitsklasse 
durch Presshärten (PH, press hardening) er-
reicht werden, wobei austenitisierte Rohlinge 
(direkte Warmumformung) oder vorgeformte 
Teile (indirekte Warmumformung) durch eine 
gekühlte Pressform abgeschreckt werden. 
Diese gleichzeitige Formgebung und Einstel-
lung der Mikrostruktur stellt einen wirtschaft-
lichen Vorteil im Bearbeitungsprozess dar. 
Das so entstandene Stahlprodukt mit einem 
vollständig martensitischen Gefüge weist eine 
Zugfestigkeit von bis zu 1500 MPa auf. 

Um einen Einblick in die Struktur-Eigen-
schaftsbeziehung dieser Stähle zu erhalten, 
rückt weniger die vorliegende martensitische 
Gefügestruktur als vielmehr das vormalige 

through the increasing payload-to-weight 
ratio for both improved effectiveness and 
efficiency. On the other side dwindling re-
sources and industrialization require high-
strength structural steels with the simultane-
ous fulfillment of an economic production 
route [1]. The increase in strength is in im-
mediate connection to a loss of ductility as 
demonstrated in Fig. 1 by the dependence 
of elongation on the strength of different 
steel categories [2]. In the course of devel-
opment, a higher process purity in second-
ary metallurgy and advances in alloying and 
processing route could minimize their sus-
ceptibility of brittle fracture [3]. Moreover, an 
austenite grain refinement offers the simul-
taneous increase in strength and ductility. 
Ultra-high strength structural steels (UHSS), 
which are applied e. g. in mobile crane 
booms, are produced via thermomechani-
cal processing (TMP) [4]. The combination 
of grain refinement and austenite pancak-
ing with subsequent immediate quenching 
(direct quenching = DQ) generates a mar-
tensitic steel product with high strength and 
good ductility [5]. For the automotive sector 
this strength class can be achieved through 
press hardening (PH), where austenitizised 
blanks (direct hot stamping) or pre-formed 
parts (indirect hot stamping) are quenched 
through a cooled mould. This combina-
tion of adjusting shape and microstructure 
in one step shows an economic benefit in 
process. The resulting steel product which 
is fully martensitic provides tensile strength 
up to 1500 MPa. 

To provide insight into the structure-prop-
erty relationship of these steels, beside 
the transformed martensitic structure, 
the prior austenitic microstructure (PAG) 
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Austenitkorn (PAG, prior austenite grain) in den 
Vordergrund. Zum Beispiel zeigen die für ther-
momechanisch gewalzten Stähle typischen 
getreckten Austenitkörner eine ausgeprägte 
Richtungsabhängigkeit der mechanischen 
Eigenschaften auf. Pressgehärtete Stähle 
können ein ähnliches Phänomen durch die 
Bildung bevorzugter Scherband-Richtungen 
in ihrer Biegeposition aufweisen [6]. Daneben 
hängen die mechanischen Eigenschaften von 
der Korngröße ab. Ähnlich wie bei der bekann-
ten Hall-Petch-Beziehung steigt die Festigkeit 
martensitischer Stähle mit abnehmenden Pa-
ketgrößen, die wiederum in Abhängigkeit von 
der Größe der ursprünglichen Austenitkörner 
stehen [7].

Die Austenitkörner, auf die diese verschie-
denen mechanischen Eigenschaften zurück-
gehen, sind nicht unmittelbar zugänglich. Aus 
diesem Grund beschreibt selbst die Literatur, 
die Darstellung von Austenitkörnern von mar-
tensitischen Stählen als schweißtreibenden 
Prozess [8]. Als Schwerpunkt der vorliegenden 
Arbeit werden daher die unterschiedlichen 
Methoden zur Sichtbarmachung von PAGs in 
UHS-Stählen aufgezeigt und bewertet. 

Die erste Methode der Wahl ist das Ätzen mit 
Nital oder Pikrinsäure mit anschließender licht-
mikroskopischer Untersuchung (LOM). Da 
Nital eigentlich dazu dient, die tatsächliche 
Mikrostruktur durch unterschiedlich ausfallen-
de Ätzangriffe des Ätzmittels auf die einzelnen 
Gefügebestandteile sichtbar zu machen, ist 
dieses Verfahren nur in speziellen Fällen zur 
Sichtbarmachung von PAGs von Bedeutung. 
Bechet und Beaujard (BB) stellten im Jahr 
1955 das erste erfolgreiche Ätzmittel auf Basis 
von Pikrinsäure zur Sichtbarmachung des ur-
sprünglichen Austenitgefüges vor [9]. Obwohl 
das seinerzeit vorgestellte Ätzmittel kontinuier-
lich weiterentwickelt wurde, gilt die Basis des 
Ätzmittels nach Bechet-Beaujard als Univer-
salmittel zur Sichtbarmachung von PAGs. Da 
Ätzmittel zur Visualisierung von PAGs in Kom-
bination mit der klassischen Lichtmikroskopie 
oft an gewisse Grenzen stoßen, wurde das fort-

gathers significance. For example, elon-
gated austenite grains as which they are 
present in TMP steels, show pronounced 
dependence of mechanical properties on 
test direction. PH steels can show similar 
phenomenon through the formation of 
preferential directions of shear bands at 
their bend position [6]. In addition, me-
chanical properties are dependent on 
grain size. Similar to the acquainted Hall-
Petch relation the strength of martensitic 
steels increases with decreasing packet 
sizes, which again are dependent on their 
former austenitic grain size. [7]

The austenite grain on which these differ-
ent mechanical properties can be referred 
to, cannot be accessed conveniently. This 
is the reason why literature often depicts 
the process to access PAGs of martensitic 
steels as a demanding procedure [8]. Thus, 
the focus of the present paper is to show 
and discuss the practicability of methods to 
reveal PAGs of UHS steels. 

The first method of choice mostly consists 
of an acidic etching such as Nital or picric 
acid with subsequent light optical analysis 
(LOM). As a Nital etchant originally serves 
to visualize the actual microstructure based 
on different etching reaction of its structure 
constituents, this instrument is only rele-
vant in particular cases for the visualization 
of PAGs. Bechet and Beaujard (BB) pre-
sented in 1955 the first successful etchant 
on basis of picric acid to reveal the remnant 
austenitic microstructure [9]. Although the 
proposed etchant has been consistently 
modified, the basis of the BB etchant is 
considered as universal tool to reveal 
PAGs. Since often PAG etchants in combi-
nation with classical light-optical methods 
have limits, advanced high-resolution im-
aging via electron backscatter diffraction 
(EBSD) was employed. As it is now ac-
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schrittlichere und hochauflösende bildgeben-
de Verfahren der Elektronenrückstreubeugung 
(EBSD) herangezogen. Da inzwischen all-
gemein anerkannt ist, dass Modifikationen des 
Martensits, darunter Pakete, Latten und Blöcke, 
eine Umwandlungsbeziehung zu ihrem Habi-
tuskorn zeigen, ist es möglich, die ursprüng-
liche austenitische Mikrostruktur ausgehend 
vom Umwandlungsprodukt zu rekonstruieren 
[7, 10 – 12]. Um den Kreis zwischen den üblichen 
und den fortschrittlicheren optischen Verfahren 
zu schließen, wird zusätzlich die Anwendbar-
keit der Hochtemperatur-Laser-Scanning Mi-
kroskopie (HT-LSCM, high-temperature laser 
scanning confocal microscopy) vorgestellt. 
Da sich der Martensit aus dem Austenit bildet, 
lässt sich durch eine Wiedererwärmung ins 
γ-Gebiet die Rückbildung der ursprünglichen 
Austenitkörner erreichen, vorausgesetzt, dass 
das martensitische Walzprodukt in einem un-
verformten Zustand vorliegt [13, 14]. Es wird 
untersucht, ob durch die HT-LSC-Mikroskopie 
eine geeignete Auflösung erreicht wird, um den 
Moment der Bildung von Austenit aus Martensit 
aufzunehmen und darzustellen.

Schließlich wurde, ausgehend von den unter-
schiedlichen Methoden zur Darstellung von 
PAGs in martensitischen Stählen, eine Bild-
analyse durchgeführt um die Körner bezüg-
lich Korngröße- und Orientierung zu quanti-
fizieren. An einem konkreten Anwendungsfall 
wird das bewährte Verfahren zur Interpretation 
der Korngrößenauswertung erprobt.

2.  Untersuchte Stähle und Proben-
vorbereitung

Die Untersuchungen wurden an verschiede-
nen in Tab. 1 aufgeführten UHS-Stahlproben 
durchgeführt. “TM-UHSS 1” ist ein hochfester 
niedriglegierter Baustahl (HSLA-Stahl), der mit 
rekristallisationsverzögernden Elementen wie 
V, Nb und Ti legiert ist. Eine Verformung unter 
der Rekristallisationsstoptemperatur begüns-
tigt ein Pancaking des Austenits. Der Stahl 
wurde nach dem Warmwalzen direktgehärtet. 
Der Stahl “TM-UHSS 2” weist einen geringeren 

cepted that martensitic elements including 
packets, laths and blocks, exhibit a trans-
formation relation to their habitus grain, it 
is possible to reconstruct a PAG from its 
transformed product [7, 10 – 12]. To close 
the circle of common to advanced optical 
methods, we also present the applicabil-
ity of a high-temperature laser scanning 
confocal microscope (HT-LSCM). Since 
the formation of martensite occurs out of 
its austenite grain, reheating to the γ-region 
will give rise to its former austenite grain, 
provided, that the martensitic plate is pre-
sent in an undeformed condition [13, 14]. It 
is determined if a HT-LSCM possess this 
accurate resolution in order to capture and 
visualize the moment of formation of aus-
tenite out of martensite.

Finally, the visualization of PAGs of mar-
tensitic steels obtained via these different 
methods for a quantification of grains, their 
size and orientation in an image analysis 
is applied. Subsequently, a specific case 
of application for our established metallo-
graphic method is demonstrated to interpret 
the visualization of grains.

2.  Steels Investigated and Sample 
Preparation 

The investigations were carried out on differ-
ent UHS steel samples listed in Tab. 1. “TM – 
UHSS 1” represents a high strength low al-
loyed (HSLA) structural steel with additions 
of recrystallization-retarding elements like 
V, Nb and Ti. The deformation in a non-re-
crystallization regime promotes a pancak-
ing of austenite. The steel was subjected to 
direct quenching after hot rolling. The steel 
“TM - UHSS 2” has a lower alloy content, 
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Legierungsanteil auf, speziell im Hinblick auf 
rekristallisationshemmende Elemente. “PH 1”, 
ein pressgehärteter UHS-Stahl, repräsentiert 
die zweite Gruppe der untersuchten Werkstoff-
gruppe, für die ein entsprechendes Ätzmittel 
zur Darstellung der PAGs von Bedeutung ist. 
Eine Darstellung der vormaligen Austenitkör-
ner könnte den Einfluss der Austenitisierungs-
zeit und -temperatur darlegen und mit den 
daraus hervorgehenden mechanischen Ei-
genschaften in Zusammenhang bringen. 

Die Probenvorbereitung ist für die folgenden 
Analyseverfahren identisch. Die Proben wur-
den warmeingebettet und anschließend mit 
SiC-Schleifpapier mit Körnungen von 320 bis 
4000 über einen Zeitraum von mindestens 30 s 
geschliffen. Danach wurden die Proben mit 
einer 3 μm Diamantpaste mindestens 3 min 
lang poliert, schließlich mit einer 1 μm Paste 
für weitere 30 s. Besondere Sorgfalt ist ge-
boten, um eine Verunreinigung mit Wasser zu 
vermeiden, welche zu Korrosionsrückständen 
führen kann, die wiederum Auswirkungen auf 
den anschließenden Ätzvorgang haben. Die 
für die EBSD-Analyse angefertigten Proben 
wurden zusätzlich mit einer OP-U-Supension 
über 8 min endpoliert. 

3.  Visualisierung der PAGs in marten-
sitischen Stählen

Um die Mikrostruktur zu kontrastieren, wurden 
verschiedene Ätzmittel verwendet. Da Nital 
eigentlich dazu dient, die aktuell vorliegende 
Mikrostruktur, wie z. B. Ferrit – Perlit bis hin 

especially with respect to the recrystalliza-
tion retarding elements. The second fraction 
of investigated material for which a sufficient 
PAG etchant is meaningful is represented 
by “PH 1”, a press-hardened UHS steel. A 
proficient visualization of the austenite grain 
prior to quenching might shed light on the 
influence of austenitization time and tem-
perature and connect this to the mechani-
cal properties. 

The sample preparation is identical for all 
following analysis procedures. The speci-
mens were hot embedded and then ground 
from 320 grit to 4000 grit SiC paper for at 
least 30 s. Subsequently, the samples were 
polished with 3 μm diamond paste for at 
least 3 min and with 1 μm for 30 s. Care 
needs to be taken to avoid the contamina-
tion with water, which can lead to corrosion 
relicts influencing the following acidic etch-
ing. The samples prepared for EBSD addi-
tionally were finished with a OPU polishing 
for 8 min. 

3.  Visualization of PAGs in Marten-
sitic Steels

To contrast the microstructure, different etch-
ants were used. As Nital originally serves to 
visualize the actual microstructure such as 
ferrite – perlite to bainite – martensite, in par-

C Mn Cr+Ni+Mo Cu V + Nb + Ti Si P N B Fe

TM – 

UHSS 1
0.17 1.4 2.10 0.45 0.09 0.30 < 0.01 < 0.001 < 0.001 Bal.

TM – 

UHSS 2
0.17 2.3 0.31 0.08 0.03 0.20 < 0.01 < 0.001 0.002 Bal.

PH 1 0.20 1.2 0.25 0.02 0.04 0.19 0.01 0.003 0.003 Bal.

Tab. 1: Chemical composition of the steels investigated [mass-%].

Tab. 1: Chemische Zusammensetzung der untersuchten Stähle [Gew.-%].
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zu Bainit – Martensit sichtbar zu machen, ist 
es in vereinzelten Fällen auch möglich, die 
ursprünglichen Austenitkörner darzustellen 
[15]. Dazu wurde eine 3 %-ige alkoholische 
Salpetersäure (HNO3) zum Ätzen der Proben 
über 2 – 3 s eingesetzt. 

3.1  Die martensitische Mikrostruktur – 
Sichtbarmachung durch Nitalätzung

Für die rein qualitative Erfassung der Korn-
größen nach dem Lösungsglühen von Bau-
stählen und vor dem Walzen kann, wie in 
Bild 2 zu sehen, eine einfache Nitalätzung 
ausreichend sein. Hier wurden die PAGs 
eines gehärteten 0,17 % unlegierten Stahls 
(S275JR) nur mit Hilfe einer 3 %-igen HNO3-
Lösung sichtbar gemacht. Die tatsächliche 
Mikrostruktur, hauptsächlich bestehend aus 
lanzettenförmigem Martensit und von bainiti-
schen Zonen, ist in Bild 3 zu sehen. Eine rela-
tiv kurze Ätzung von etwa 1 s lässt bei grober 
Vergrößerung eine vage Einschätzung der 
Lage und Größe der Austenitkörner zu. Nach 
3-sekündigem Ätzen werden die Martensit-
Blöcke sichtbar (Bild 3b), von denen auf die 
ursprünglichen Austenitkörner geschlossen 
werden kann. Eine erweiterte Analyse der 
PAGs und deren Größenverteilung ist jedoch 
nicht möglich.

ticular cases it is possible to reveal as well 
PAGs [15]. Hence, 3 % of HNO3 solved in 
ethanol was used to etch the samples for 
2 – 3 s. 

3.1  The Martensitic Microstructure – Re-
vealed through an Nital Etching Method

For pure qualitative detection of grain sizes 
after a solution annealing of structural steels 
prior to rolling, a simple Nital etching can 
be sufficient as displayed by Fig. 2. Here, 
the PAGs of a quenched 0.17 % plain carbon 
steel (S275JR) were visualized only with a 
3 % HNO3 solution. The appearence of the 
actual microstructure which consists mainly 
of lath martensite infused by bainitic zones 
is displayed in Fig. 3. An abbreviated etch-
ing of 1 s indicates at lowered magnification 
a vague estimation of the existence and the 
dimensions of the austenite structure. After 
3 s etching the martensitic blocks become 
visible (Fig 3b) from which the former auste-
nitic grain can be deduced. Yet, an extend-
ed analysis of the PAGs as well as their size 
distribution is not possible.

Fig. 2: 3 % HNO3 etchant re-
vealing the PAGs after solution 
annealing of a quenched 0.17 % 
plain carbon structural steel. 

Bild 2: Mit einer 3%-igen HNO3-
Lösung wurden die PAGs eines 
nach Lösungsglühung abge-
schreckten, unlegierten 0,17 % 
C-Stahls sichtbar gemacht. 
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3.2  Nachweis von PAGs durch Pikrinsäure-
Ätzung

Um das ursprüngliche Austenitgefüge, das 
noch im Werkstoff hinterlegt ist, hervorzuhe-
ben, wurden verschiedene Ätzmittel auf Basis 
des Pikrinsäure-Ätzmittels nach Bechet-Beau-
jard hinsichtlich ihrer Wirksamkeit angepasst. 
Anpassungen, z. B. durch den Einsatz ver-
schiedener Benetzungsmittel oder die Zu-
gabe von HCl können vorgenommen werden 
[8, 9, 16 – 18]. Aufgrund der Tatsache, dass 

3.2  Detecting PAGs With Picric-Acid Etch-
ing

In order to accentuate the prior austenite 
structure preserved in the material, sev-
eral etchants originating from the picric 
acid etchant by Bechet and Beaujard were 
adapted to its effectiveness. Modifications 
such as different wetting agents or the ad-
dition of HCl can be applied [8, 9, 16 – 18]. 
Due to the fact that hydrochloric acid has 
been proved to be a very sensitive and 

Quantity Substance / Menge Substanz

100 ml
Picric-acid (cold saturated and filtrated) / 
Pikrinsäure (kaltgesättigt und filtriert)

0.7 g – 1.0 g Sodium dodecyl sulfate / Natriumdodecylsulfat

3 drops / 3 Tropfen HCl*

Figs. 3 a and b: TM-UHSS 1 etched with a Nital etching solution: a) after 1 s soaking, slight appearance 
of bundle- and grain boundaries; b) after 3 s etching clear emerge of lath packages with no trace of 
PAGs, revealing the martensitic/bainitic microstructure, lath martensite packets and bundles.

Bilder 3 a und b: TM-UHSS 1 geätzt mit Nitallösung: a) nach 1-sekündigem Ätzen leichtes Hervortreten 
von Bündel- und Korngrenzen; b) nach 3-sekündigem Ätzen deutliches Erkennen von lattenförmigen 
Martensitbündeln ohne Hinweise auf PAGs, zu erkennen ist die martensitische/bainitische Mikrostruktur, 
sowie Pakete von lanzettenförmigem Martensit.

Tab. 2: Composition of acidic etching suspension used for PAGs of UHSS steels. 
* used conditionally.

Tab. 2: Zusammensetzung der Ätzlösung zur Sichtbarmachung von PAGs in UHS-Stählen. 
* bedingt eingesetzt.

b)a)
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Salzsäure sehr reaktiv ist und sich als heikle 
Zugabe erwiesen hat, wird deren Gebrauch 
neben der möglichen Anwendung einer vor-
herigen Wärmebehandlung sorgfältig unter-
sucht. Die Zusammensetzung des Ätzmittels 
ist in Tab. 2 dargestellt. Bei ausgewählten Pro-
ben wurde eine Wärmebehandlung in einem 
Kammerofen bei 600 °C über einen Zeitraum 
von 15 min durchgeführt. 

Bild 4a zeigt das Ätzresultat mit Natrium-
dodecylsulfat als Benetzungsmittel und einer 
angepassten Menge HCl. Selbst kleine Korn-
fraktionen werden durch das Ätzmittel deutlich 
dargestellt. Die Herausforderung, PAGs sicht-
bar zu machen, steigt mit kleiner werdenden 
Korngrößen. Ein modifizierter Walzplan führt 
zu einer Verfeinerung der Mikrostruktur, das 

critical addition, we examine its usage care-
fully, beside the application of a possible 
prior heat treatment. The composition of 
the established etchant is given in Tab. 2. 
For selected samples a heat treatment was 
performed. This was executed in a chamber 
furnace at 600 °C for 15 min. 

Fig. 4a shows the etching result of the es-
tablished etchant using sodium dodecyl 
sulfate as wetting agent and an adjusted 
quantity of HCl. The established etchant ex-
presses even small grain fractions clearly. 
The challenge to reveal PAGs is magnified 
as the grain sizes decreases. A modified 
milling plan yields to a refining of the mi-

b)a)

c) Figs. 4 a to c: a) TM-UHSS 1 etched with modi-
fied etchant using sodium dodecyl sulfate as 
wetting agent, composition according to Tab. 2, 
b) TM-UHSS 1 with refined microstructure, the 
etchant even reveals grain sizes < 1 μm c) TM-
UHSS 2 etched with picric acid and wetting agent, 
dispensed with HCl.

Bilder 4 a bis c: a) TM-UHSS 1 geätzt mit modi-
fiziertem Ätzmittel und  Natriumdodecylsulfat als 
Benetzungsmittel, Zusammensetzung, s. Tab. 2, 
b) TM-UHSS 1 mit verfeinerter Mikrostruktur, das 
Ätzmittel zeigt sogar Korngrößen von < 1 μm, 
c) TM-UHSS 2 geätzt mit Pikrinsäure und Benet-
zungsmittel, Verzicht auf HCl.
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Ätzmittel macht sogar Korngrößen von < 1 μm 
sichtbar, vgl. Bild 4b. Für TM-UHSS 2 wurde 
aufgrund des stärkeren Hervortretens der 
martensitischen Mikrostruktur auf den Einsatz 
von HCl verzichtet (Bild 4c). Bild 5 zeigt das 
Ätzresultat für PH 1, bei einer Probe im press-
gehärteten (a) und bei einer angelassenen 
Probe desselben Stahls (b). Ohne Wärme-
behandlung erscheinen die PAGs selbst nach 
25-minütiger Ätzung nicht. Das erfolgreiche 
und wirksame Darstellen der PAGs in Bild 5b 
unterstreicht die Notwendigkeit einer 15-minü-
tigen Anlassbehandlung bei 600 °C in einem 
Kammerofen. 

Wie bereits dargestellt, kann die Zugabe von 
HCl über Erfolg oder Misserfolg des Ätzens 
entscheiden. Oft wird eine standardisierte 
Menge von 1 ml HCl pro 100 ml Pikrinsäure 
unabhängig vom verwendeten Benetzungs-
mittel als Grundzusammensetzung für viele 
PAG-Ätzmittel angegeben. Jedoch ist HCl 
sehr reaktiv und somit ein heikler Zusatz. Ob-
wohl HCl die durch Pikrinsäure hervorgerufe-
ne Ätzreaktion unterstützt, greift sie auch die 
martensitische Mikrostruktur an. Erfahrungs-
gemäß sollte bei der Untersuchung schwach-
legierter UHS-Stähle auf den Gebrauch von 

crostructure, the etchant even reveals grain 
sizes < 1 μm as displayed in Fig. 4b. For TM 
UHSS 2 the usage of HCl was avoided due 
to the augmented emerge of the martensi-
tic microstructure (Fig. 4c). Fig. 5. demon-
strates the etching result on PH1 on a sam-
ple in the as-pressed condition (a) and on 
a tempered sample of the same steel (b). 
Without heat treatment, the PAGs do not ap-
pear even after 25 min of soaking in the etch-
ant. The success of the effective emerge of 
PAGs in Fig. 5b emphasizes the demand 
for a 15 min temper treatment at 600 °C in a 
chamber furnace. 

As demonstrated, the addition of HCl can 
determine the success or failure of the 
etching. Often, a standardized quantity 
of 1 ml HCl per 100 ml picric acid is indi-
cated as basic composition for numerous 
PAG etchants independent on the wetting 
agent. Though, HCl behaves as very sen-
sitive and critical addition. Even though it 
supports the etching reaction by the pic-
ric acid, it as well extracts the martensitic 
microstructure. From experience, the use 
of hydrochloric acid should be avoided in 
the analysis of weakly alloyed UHSS. For 

b)a)

Figs. 5 a and b: PH 1 etched with picric acid etchant for 20 min a) as quenched state with no visible 
PAGs, b) after tempering at 600 °C for 15 min.

Bilder 5 a und b: PH 1 geätzt mit Pikrinsäure über 20 min, a) in vergütetem Zustand ohne sichtbare 
PAGs, b) nach Wärmebehandlung bei 600 °C über 15 min.
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Salzsäure verzichtet werden. Bei Stählen mit 
höheren Legierungsgehalten, wie bspw. TM-
UHSS 1, verbessert die Zugabe von 3 – 5 Trop-
fen HCl das Ätzergebnis deutlich. 

Der Einfluss einer Wärmebehandlung auf 
das erfolgreiche Sichtbarmachen von PAGs 
in martensitischen Stählen ist offensichtlich. 
Da die vorgeschlagene Wärmebehandlung 
von 15 min bei 600 °C einem Tempervorgang 
entspricht, ist eine mechanische Beprobung 
hinsichtlich der erwarteten Entfestigung des 
Materials ungeeignet. Da jedoch die für diese 
Glühbehandlung übliche Temperatur unter-
halb der AC1-Temperatur liegt, findet keine 
Änderung der Mikrostruktur statt. Die PAGs 
bleiben unbeeinflusst, was die Situation der 
Austenitstruktur vor der martensitischen Um-
wandlung rechtfertigt. Das verbesserte Er-
gebnis durch den Tempervorgang lässt sich 
anhand der Diffusion der gelösten Atome 
erklären. Vor allem die Diffusion von P im Be-
reich der Anlassversprödung ermöglicht das 
deutliche Hervortreten der beeinflussten Aus-
tenitkorngrenzen [19]. Einige Stähle, beson-
ders solche mit hohen Legierungsgehalten 
umwandlungsverzögernder Elemente wie Mo, 
Ni, Cr, Mn, erfordern erfahrungsgemäß keine 
Wärmebehandlung, wie am Beispiel von TM-
UHSS 1 gezeigt wurde. Auch bei den meisten 
unvergüteten Proben sind die ursprünglichen 
Austenitkörner schwach zu erkennen, was 
für eine qualitative Analyse der Korngrößen 
ausreichen könnte. Für eine quantitative Be-
wertung werden die Ergebnisse durch eine 
Glühbehandlung jedoch deutlich verbessert. 

4.  Rekonstruktion von Austenit-
körnern durch EBSD -Untersuchung

Die Rekonstruktion von PAGs mit Hilfe eines 
EBSD-Scans basiert auf der Orientierungs-
beziehung zwischen martensitischen Blöcken 
und deren Austenit-Habitus [11]. Da die Re-
konstruktion einer verformten Mikrostruktur, 
wie es z. B. beim Walzen unter der Rekris-
tallisations-Stop-Temperatur oder bei bereits 
gebildetem Martensit der Fall ist, Einschrän-

steels with higher alloying contents, as in 
the example of TM-UHSS 1, the addition 
of 3 – 5 drops of HCl increases the etching 
result noticeably. 

The effect of a heat treatment on the success 
of revealing PAGs in martensitic steels is ob-
vious. Since the suggested heat treatment 
of 15 min at 600 °C is equivalent to a tem-
pering process, mechanical sampling due 
to the expected softening is inappropriate. 
Yet, since the prevailing temperatures for 
the annealing treatment are below the AC1-
temperature, no change in microstructure 
takes place. The PAGs remain unaffected 
what justifies the visualization of the austen-
ite condition prior to the martensite trans-
formation. The improved output through 
tempering can be explained by the diffusion 
of dissolved atoms. Especially the diffusion 
of P at the temper-embrittlement tempera-
ture enables the accentuated emerge of 
the affected austenite grain boundaries 
[19]. Some steels, especially those which 
are generously alloyed with transformation-
retarding elements such as Mo, Ni, Cr, Mn 
do by experience not require a heat treat-
ment, as exemplified by TM-UHSS 1. Also 
do PAGs appear slightly in most of the un-
tempered samples as well, which might be 
enough for a qualitative analysis of the grain 
sizes. Yet, for a quantitative evaluation, an 
annealing treatment significantly improves 
the results. 

4.  Reconstruction of Austenite 
Grains through an EBSD Scan

The reconstruction of PAGs of an EBSD 
scan is based on the orientation relation-
ship between martensitic blocks and their 
austenite habitus [11]. With respect to the 
fact, that the reconstruction of a deformed 
microstructure, as in a rolling in the non-
recrystallization austenite regime or of an 
already-formed martensite is subject to re-
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kungen unterworfen ist [20], stehen Wissen-
schaftlern zwei verschiedene Verfahren, die 
von Haslberger vorgestellt wurden, zur Ver-
fügung [21]: das manuelle Zusammensetzen 
der unterschiedlich gefärbten Martensitblöcke 
zum ursprünglichen Austenitgefüge, wie von 
Abbasi vorgestellt [22], und eine automatische 
Rekonstruktion basierend auf dem theoretisch 
umgewandelten gruppoiden Gefüge, das 
durch das ursprüngliche Korn gebildet wurde, 
wie von Cayron vorgestellt [23]. Dieses Verfah-
ren wurde sowohl für martensitische als auch 
bainitische Umwandlungen bei Eisen bestä-
tigt [24]. Es stellt eine zuverlässige Alternative 
zu metallografischen Verfahren dar, wie von 
Weyand et al. untersucht wurde [25]. Anhand 
dieser Arbeit konnte die Eignung des Verfah-
rens zur Rekonstruktion des ursprünglichen 
PAG-Gefüges in martensitischen Stählen, die 
in einer thermomechanischen Simulation ver-
formt wurden, nachgewiesen werden.

Die Proben wurden mit einem EDAX-Hikari-XP-
EBSD-System untersucht, welches in einem FIB 
Versa 3D DualBeam installiert ist. Nach dem Ein-
bringen und Neigen der Proben bis zu einem 
Winkel von 70° wurde eine 100 × 100 μm2 große 
Fläche mit einem Arbeitsabstand von 15 mm 
und in Schrittweiten von 0,10 μm gescannt. Nach 
dem Aufnehmen des Patterns wurden die Daten 
mit Hilfe der EDAX-OIM-Software umgewandelt 
und anschließend durch eine automatische Re-
konstruktion der Ursprungskörner ausgehend 
von den EBSD-Daten (ARPGE, Automatic Re-
construction of Parent Grains from EBSD data) 
berechnet. Da sich die zuvor genannte manuelle 
Rekonstruktion besonders bei geringen Korn-
größen als sehr anspruchsvoll erweist, wurde 
sie als ungeeignet eingestuft. Folglich wurde nur 
das automatische Verfahren zur Rekonstruktion 
verwendet.

Bild 6 zeigt das Ergebnis der EBSD-Mes-
sung beim Stahl UHSS-TM 1. Durch die ver-
schiedenen Orientierungen – angezeigt durch 
Farbkontraste auf der Inverse-Polfigur-Karte – 
kann die Zusammengehörigkeit von martensi-
tischen Blöcken, die aus dem austenitischen 
Habituskorn hervorgehen, bestimmt werden. 

strictions [20], the researcher can rely on two 
different procedures which were presented 
by Haslberger [21]: a manual assembly 
of different colored martensitic blocks to 
a PAG proposed by Abbasi [22] and an 
automated reconstruction on basis of the 
theoretical transformed groupoid structure 
formed by the origin grain proposed by Cay-
ron [23]. This method has been validated for 
both martensitic and bainitic transitions in 
iron [24]. It represents a reliable alternative 
to metallographic techniques as investi-
gated by Weyand et al. [25], who prove it’s 
adequacy in the reconstruction of the PAG 
structure of TM-simulation deformed mar-
tensitic steels.

The samples were examined with an EDAX 
Hikari XP EBSD system, which is installed 
in a FIB Versa 3D DualBeam. After mount-
ing and tilting the samples to an operation 
angle of 70°, a 100 × 100 μm2 sized area was 
scanned with a working distance of 15 mm 
and step size of 0.10 μm. After collecting the 
pattern, the data was converted using the 
EDAX OIM Software to be then calculated 
through ARGPE. As the former proposed 
manual detection method constitutes a very 
demanding procedure especially for small 
grain sizes, it was detected to be unsuitable. 
Thus, only the automated reconstruction 
was used.

Fig. 6 reveals the result of the EBSD scan 
on UHSS TM 1. On behalf of the different 
orientations – marked by coloured contrast 
of the IPF map – the affliliation of the mar-
tensitic blocks emerging from a habitus 
austenite grain can be identified. The gray-
scale map even allows a delineation of the 



Esterl, R. et al.: Ultra-High Strength Steels / Ultrahochfeste Stähle

Pract. Metallogr. 55 (2018) 4  215

Die Karte in Graustufen ermöglicht sogar eine 
Abgrenzung der zusammengehörigen Pakete. 
Die symmetrischen Formen, die in der Polfigur 
zu sehen sind, können verwendet werden, um 
die PAGs zu identifizieren und stufenweise 
zusammenzusetzen, wie bei [21, 22] durch-
geführt. Die automatische Rekonstruktion 
durch ARPGE liefert, wie in Bild 6 c dargestellt, 
die farblich kodierte Karte der rekonstruierten 
PAGs. Die Mehrzahl der Körner wurde offen-
sichtlich richtig zusammengesetzt wie durch 
den mit einem Kreis markierten Bereich im Bild 
hervorgeht. Jedoch sind einige rekonstruierte 
Körner in Frage zu stellen, vor allem wurden die 
ursprünglichen Korngrenzen recht unpräzise 
strukturiert. Dennoch ist die Kornstreckung bei 
den thermomechanisch behandelten Stählen 
offensichtlich und entspricht, einschließlich 
der Größenfraktionen der Körner, den Ergeb-
nissen der lichtmikroskopischen Analyse der 
mit Pikrinsäure geätzten Proben. 

Jedoch erfordert eine repräsentative Dar-
stellung der mikrostrukturellen Eigenschaften 
wie z. B. Korngrößenfraktionen und Kornstre-
ckung die Auswertung einer großen Anzahl 
an Körnern. Aufgrund des hohen Anteils an 
Grenzflächen bei martensitischen Gefügen 
ist der messbare Bereich begrenzt. Obwohl 

related packets. The symmetric shapes ap-
pearing in the pole figures can be used to 
identify and gradually compose the PAGs 
as it is implemented by [21, 22]. The auto-
matic reconstruction with ARGPE delivers 
the unique color coded reconstructed PAG 
map in Fig. 6 c. Most of the grains were ob-
viously assembled properly as highlighted 
by a circle in the image. Yet, some recon-
structed grains are questionable, especially 
the former grain boundaries were struc-
tured very imprecicely. Nevertheless, the 
grain elongation of the TM-processed steel 
is evident and corresponds, including the 
size fractions of the grains, to the results of 
the light-optical analysis of the picric-etched 
samples. 

However, a representative depiction of mi-
crostructural properties such as grain size 
fractions and grain elongations requires 
the evaluation of a large number of grains. 
The high interfacial density of a martensi-
tic structure keeps the scanned area lim-
ited. Although Weyand et al. [25] report, 

Figs. 6 a to c: EBSD map with selected grain zones: a) Image quality map with inverse pole figure map, 
b) correlating black/white image quality map with dark shaded phase boundaries and c) unique color 
coded map of reconstructed PAGs with ARGPE.

Bilder 6 a bis c: EBSD-Karte mit ausgewählten Kornbereichen: a) IQ Map mit Inverser Polfigur, b) ent-
sprechende Schwarz/Weiß-IQ Map mit dunkel erscheinenden Phasengrenzen und c) farblich kodierte 
Karte der mit ARPGE rekonstruierten PAGs.

b)a) c)
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Weyand et al. [25] berichten, dass sogar an-
hand großer EBSD-Maps mit Größen von 
1000 μm × 1000 μm PAGs mit hoher Genau-
igkeit errechnet werden können, ist wegen der 
geringeren Größenordnung der Mikrostruktur 
bei den untersuchten Proben eine genaue 
Rekonstruktion nicht möglich, da die erfor-
derliche Auflösung vom betrachteten Bereich 
und von den gewählten Schrittgrößen beim 
Scannen abhängt. Somit beeinträchtigt die 
abnehmende Größe der ursprünglichen Aus-
tenitkörner auf Werte von weniger als ein paar 
μm das Messverfahren insoweit, als dass der 
gescannte Bereich zu klein wird und eine re-
präsentative Statistik nicht möglich ist. 

5.  Visualisierung von PAGs während 
der Erwärmung im Hochtemperatur- 
Laser-Scanning-Mikroskop (HT-LSCM)

Das folgende Verfahren stellt eine durchaus 
unübliche Vorgehensweise zur Visualisierung 
von PAGs bei martensitischen Stählen dar, ist 
jedoch vor allem bei Stahlsorten von Interesse, 
die ihr Austenitgefüge nur ungern preisgeben. 
Im Hochtemperatur-Laser-Scanning-Mikro-
skop VL 2000DX von YONEKURA wird eine 
polierte Probe bis ins γ-Gebiet erwärmt, wäh-
rend die Entwicklung der Mikrostruktur durch 
eine Kamera aufgezeichnet wird. Genau in 
dem Moment, in dem sich Martensit umwan-
delt, wird das Austenitgefüge wie es vor der 
Umwandlung vorlag, sichtbar, bevor der Aus-
tenit wieder zu wachsen beginnt. Aufgrund der 
Wellenlänge des Lasers von 408 nm ist die Auf-
lösung hinsichtlich sehr geringer PAG-Größen 
(< 1 μm) begrenzt. Die Ausbildung eines Reliefs 
bei den PAGs während der Wiedererwärmung 
entspricht einem thermischen Ätzverfahren, 
wodurch eine anschließende Analyse im Licht-
mikroskop ermöglicht wird, die die verminderte 
Auflösung des LSCM kompensiert. 

Bild 7 zeigt den Zustand der Mikrostruktur wäh-
rend des Erwärmens bei a) 710 °C bzw. b) 760 °C. 
Bei 710 °C entspricht die Probentemperatur dem 
α-Gebiet und das Gefüge scheint, wie erwartet, 
gestreckt in Walzrichtung. Jedoch sind die Korn-

that even on large EBSD maps with sizes 
of 1000 μm × 1000 μm, PAGs can be cal-
culated with good accuracy, the smaller 
microstructure magnitude of the investi-
gated samples does not allow a proper re-
construction as the necessary resolution is 
dependent on the viewed area and the step 
size chosen for the scan. Thus, a decreas-
ing PAG size below a few microns affects 
the measuring insofar as the scanned area 
becomes too small and a representative 
statistic is not feasible. 

5.  Visualization of PAGs during 
Reheating in a HT-LSCM 

The following method indeed represents a 
quite uncommon procedure to reveal the 
PAGs of martensitic steels, yet attracts in-
terest especially for steels which expose 
their austenite structure quite unwillingly. In 
a YONEKURA VL 2000DX high-temperature 
laser scanning confocal microscope, a pol-
ished sample is reheated to the γ-region, 
while the evolution of microstructure is re-
corded through a camera. In the immedi-
ate moment of the transformation of the 
martensite, the austenite structure existing 
prior to the transformation appears before 
the austenite starts to grow again. Due to 
the wavelength of the laser of 408 nm, the 
resolution is limited concerning very small 
PAG sizes (< 1 μm). The forming of a relief 
of the PAGs during reheating corresponds 
to a thermal etching which enables a subse-
quent analysis in a light microscope, which 
compensates for the diminished resolution 
of the LSCM. 

Fig. 7 represents the microstructure con-
dition during heating at a) 710 °C and 
b) 760 °C, respectively. At 710 °C, the sample 
temperature corresponds to the α-region, 
the structure seems as expected elongat-
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ed in rolling direction. However, the grain 
boundaries are not clearly visible in order 
to serve for a grain size analysis; contrary to 
the temperature of 760 °C, shown in image 
7b, where the grain boundaries appear pre-
cisely. Similar to the light microscope image 
in 7c, the austenite grains are globular, due 
to a temperature-dependent globularization 
which obviously took place in the two phase 
α-γ region. It is assumed that the high de-
gree of deformation, especially below the 
non-recrystallization temperature promotes 
the immediate forming of the austenite 
grain due to surface energy-minimization. 
This phenomenon prohibits the usage of a 
HT-LSCM concerning a grain size analysis 
of PAGs of a TMP steel. In the immediate 
moment in which the elongated austenite 
grains appear, they cannot be captured 
due to a diminished image contrast and an 
instant globularization.

6. Grain Size Analysis
The effectiveness of an etchant latest is 
shown as the images enable a quantifi-
cation of the highlighted microstructure. 
An automated evaluation with an image 
analysis software would be desirable. Yet, 

grenzen für eine Korngrößenanalyse nicht deut-
lich genug sichtbar, im Gegensatz zum Gefüge 
bei 760 °C, zu sehen in Bild 7b, wo die Korn-
grenzen klar zu erkennen sind. Ähnlich wie bei 
der lichtmikroskopischen Aufnahme in 7c sind 
die Austenitkörner globular. Der Grund hierfür 
ist eine temperaturabhängige Einformung, d. h. 
die Ausbildung von globularem Austenit, die of-
fenbar im Zweiphasen-α-γ-Gebiet erfolgte. Es 
ist anzunehmen, dass die starke Umformung, 
besonders unterhalb der Rekristallisations-Stop-
Temperatur die sofortige Einformung der Aus-
tenitkörner zur Verringerung ihrer Oberflächen-
energie hervorruft. Dieses Phänomen verhindert 
eine Korngrößenanalyse der PAGs mit Hilfe 
des HT-Laser-Scanning-Mikroskops bei einem 
thermomechanisch behandelten Stahl. In dem 
Moment, in dem die gestreckten Austenitkörner 
erscheinen, können diese aufgrund des gerin-
geren Bildkontrasts und der sofort einsetzenden 
Globularisierung nicht aufgenommen werden.

6. Korngrößenanalyse
Der Erfolg einer Ätzung wird spätestens dann 
deutlich, wenn die Aufnamen auch eine Quan-
tifizierung der Mikrostruktur ermöglichen. 
Eine automatische Berechnung mit Hilfe einer 
Bildanalyse-Software wäre erstrebenswert. 

Figs. 7 a to c: a) HT-LSCM image during heating at 710 °C showing relief of elongated austenite micro-
structure; b) holding at 760 °C, appearing of globular austenitic grains; c) light-microscope image at RT 
revealing thermal etched PAGs.

Bild 7 a bis c: a) HT-LSCM-Aufnahme während der Erwärmung bei 710 °C mit sichtbarem Relief der ge-
streckten austenitischen Mikrostruktur; b) Halten auf 760 °C und Hervortreten globularer Austenitkörner; 
c) lichtmikroskopische Aufnahme bei RT und deutliches Erkennen thermisch geätzter PAGs.

b)a) c)
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a manual post-processing of the assessed 
results is inevitable, wherein the additional 
effort is dependent on the quality of the 
etching. In the present chapter listed is the 
application of the etchant in combination 
with an image analysis software “Olympus 
Stream”. 

6.1  Grain Size Analysis and Evaluation of 
the Elongated PAGs due to TMP 

To evaluate the etching process with re-
spect to its applicability, steel samples of 
TM-UHSS 1 were analyzed. The samples 
were produced with different finishing roll-
ing temperatures (FRT). Due to the differ-
ent FRT, different austenite grain morphol-
ogies are expected. For investigations on 
the elongation of the PAGs, the transversal 
direction (TD) suggests itself as the width 
expansion alongside the rolling direction 
(RD) is several orders of magnitude lower 
than the length extension of the transversal 
direction. Moreover, the aspect ratio of not 
recrystallized elongated PAGs alongside 
the TD, on which almost the entire mate-
rial flow occurs, allows conclusions to the 

Jedoch ist eine manuelle Nachbearbeitung 
der Ergebnisse unerlässlich. Hierbei hängt 
der zusätzlich erforderliche Aufwand von 
der Qualität der Ätzung ab. Im vorliegenden 
Kapitel wird die Anwendung eines Ätzmittels 
in Kombination mit der Bildanalyse-Software 
“Olympus Stream” vorgestellt. 

6.1  Korngrößenanalyse und Auswertung 
der durch TMB gestreckten PAGs

Um das Ätzverfahren hinsichtlich seiner An-
wendbarkeit zu bewerten, wurden Proben des 
Stahls TM-UHSS 1 untersucht. Die Proben wur-
den mit verschiedenen Endwalztemperaturen 
(FRT, finishinig rolling temperatures) hergestellt. 
Aufgrund der verschiedenen Temperaturen 
sind unterschiedliche Morphologien der Aus-
tenitkörner zu erwarten. Die Untersuchung 
der Streckung der PAGs in Querrichtung (TD, 
transversal direction) liegt nahe, da die Breiten-
ausdehnung entlang der Walzrichtung (RD, 
rolling direction) um einige Größenordnungen 
geringer ausfällt als die Längenausdehnung in 
Querrichtung. Außerdem ermöglicht das Seiten-
verhältnis der nicht-rekristallisierten gestreckten 
PAGs entlang der Querrichtung, in der fast der 

b)a)

Figs. 8 a and b: TM - UHSS 1 etched with picric acid etchant for 20 min a) FRT of 850 °C, clear elon-
gated austenite grains due to TMP, b) FRT of 900 °C, elongated PAGs, yet more globular grains com-
pared to a).

Bilder 8 a und b: TM-UHSS 1 geätzt mit Pikrinsäure über 20 min, a) Endwalztemperatur (FRT) von 
850 °C, klar erkennbare gestreckte Austenitkörner aufgrund von thermomechanischer Behandlung, 
b) FRT von 900 °C, gestreckte PAGs, jedoch im Vergleich zu a)mehr globulare Körner.
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gesamte Materialfluss stattfindet, Rückschlüsse 
auf den Verformungsgrad des Walzstücks. Die 
lichtmikroskopischen Messungen senkrecht 
zur Querrichtung des direkt abgeschreckten 
Blechs wurden an drei Messpositionen entlang 
der Blechdicke durchgeführt: in der Nähe der 
Oberfläche sowie 1,5 mm und 3 mm unterhalb 
der Oberfläche, was einem ¼ bzw. ½ der vor-
liegenden Dicke von 6 mm entspricht. Das ver-
wendete Ätzmittel lässt die PAGs beider Stahl-
proben in außerordentlicher Qualität sichtbar 
werden. Die erhöhte Kornstreckung aufgrund 
niedrigerer Endwalztemperaturen ist offensicht-
lich und kann anhand der Bildanalyse (Tab. 3) 
bestätigt werden. Sogar globulare Austenitkör-
ner mit einer Größe von weniger als 5 μm, deren 
Vorhandensein auf eine kürzlich stattgefundene 

reduction of the plate. The light-optical 
measurements perpendicular to the trans-
versal direction of the DQ plate were made 
at three positions directing along strip 
thickness: near the surface of the strip, 
1.5 mm and 3 mm below the strip which 
corresponds to ¼ and ½ of the depth of 
the provided 6 mm strip thickness. The em-
ployed etchant revealed the PAGs of both 
steel samples in an excellent quality. The 
increased grain elongation due to a low-
ered FRT is obvious and can be confirmed 
through the image analysis (Tab. 3). Even 
smaller globular austenite grains smaller 
than 5 μm, whose presence is indicative 
for a recent recrystallization, are detected 
by the etchant. Despite the fact that the 

Figs. 9 a and b: Grain size analy-
sis of TM-UHSS 1 according to 
ASTM E 112 – 12 at a FRT of 850 °C 
(a) and a FRT of 900 °C (b) at three 
different positions. Surface, ¼ of 
strip thickness and center thick-
ness.

Bilder 9 a und b: Korngrenzen-
analyse des Stahls TM-UHSS 1 
gemäß ASTM E 112 – 12 bei 850 °C 
(a) bzw. 900 °C (b) Endwalztem-
peratur an drei verschiedenen 
Messpositionen: Oberfläche, 
¼ der Blechdicke und Blechmitte.
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Rekristallisation hinweist, wurden durch das Ätz-
mittel sichtbar gemacht. Obwohl die Größenver-
teilung aus dem Bild nicht deutlich hervorgeht, 
stellen Körner mit weniger als 2 μm Größe einen 
erheblichen Anteil dar (Bild 9).

7. Zusammenfassung
Die Ergebnisse lassen sich wie folgt zusam-
menfassen:

• Die Mikrostruktur von thermomechanisch 
behandelten UHS-Stählen und von press-
gehärteten Stählen wurde mit Hilfe von 
Lichtmikroskopie, Laser-Scanning-Mikro-
skopie und EBSD-Messung untersucht.

• Ein speziell angepasstes Ätzmittel auf 
Basis von Pikrinsäure wurde zur Sichtbar-
machung der PAGs, deren Seitenverhältnis 
und Korngrößenverteilung verwendet. Mit 
angepassten Anteilen von Natriumdode-
cylsulfat als Benetzungsmittel und HCl 
wurden die PAGs aller untersuchten UHS-
Stahlproben erfolgreich visualisiert. In eini-
gen Fällen wird das Ätzergebnis durch eine 
Anlassbehandlung deutlich verbessert. 

• Eine Nitallösung kann in einigen Fällen als 
PAG-Ätzmittel verwendet werden. Jedoch 
erweist sich eine ausgeprägte Darstellung 
der PAGs, die die Grundlage einer quanti-
tativen Analyse darstellt, als schwierig.

• Die automatische Rekonstruktion von PAGs 
mit Hilfe einer EBDS-Messung und ARPGE 

size distribution is not quite obvious in the 
image, grains smaller than 2 μm represent 
a substantial proportion (Fig. 9). 

7. Summary
The findings can be summarized as fol-
lows:

• The microstructure of TM-processed 
UHS steels and of a PH steels was in-
vestigated with light optical microscopy, 
laser scanning confocal microscopy and 
electron backscatter diffraction.

• An adapted picric-acid etchant was used 
to reveal the PAGs, their aspect-ratio and 
grain-size distribution. With adjusted 
proportions of sodium dodecyl sulfate 
as wetting agent and HCl the PAGs of all 
investigated UHSS samples were suc-
cessfully visualized. In some cases, a 
tempering- treatment improves the etch-
ing result significantly. 

• A Nital solution can serve as PAG etchant 
in specific cases. However, it is difficult to 
visualize the PAGs as distinctive in order 
to perform a quantitative analysis.

• The automated reconstruction of PAGs 
with a EBDS scan facilitated through 

FRT 

850 °C

FRT 

900 °C

Surface / Oberfläche

Grain size ¼ plate thickness / 

Korngröße ¼ Blechdicke

½ plate thickness / ½ Blechdicke

3.3 μm

5.5 μm

6.3 μm

5.2 μm

6.7 μm

6.6 μm

Surface / Oberfläche

Elongation ¼ plate thickness / 

Streckung ¼ Blechdicke 

½ plate thickness / ½ Blechdicke

1.8

2.2

2.2

1.7

1.6

1.6

Tab. 3: Results of the microstruc-
ture analysis, grain size and elonga-
tion at three positions for TM-UHSS 1 
for a FRT of 850 °C and 900 °C.

Tab. 3: Ergebnis der Mikrostruktur-
analyse, Korngröße und Streckung an 
drei Messpositionen bei TM-UHSS 1 
bei Endwalztemperaturen (FRT) von 
850 °C und 900 °C.
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wurde bestätigt. Es gibt jedoch Einschrän-
kungen hinsichtlich des erforderlichen Auf-
wandes und des untersuchten Bereichs der 
vorliegenden sehr feinen Mikrostrukturen. 

• Eine zuverlässige Charakterisierung der 
PAGs mit Hilfe eines Hochtemperatur-Laser-
Scanning-Mikroskop ist nicht möglich, da eine 
Erwärmung noch unterhalb des γ-Gebiets 
eine sofortige Globularisierung der PAGs auf-
grund der erhöhten Oberflächenenergie der 
verformten Mikrostruktur hervorruft.

• Das gängige Ätzmittel ermöglicht Schluss-
folgerungen bezüglich des Rekristalli-
sationsverhaltens im Austenitgebiet in 
Abhängigkeit von Temperatur und Ver-
formungsgrad. Dies könnte als Grundlage 
für Untersuchungen des Rekristallisations-
verhaltens bei thermomechanisch behan-
delten Stählen dienen, um die Einflüsse 
unterschiedlicher Verformungsparameter 
auf die Mikrostruktur herauszustellen.
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ARGPE is validated. Limits are displayed 
regarding workload and prospected area 
of the investigated very fine microstruc-
tures. 

• A reliable characterization of PAGs 
through HT-LSCM is not possible, due 
to the fact that reheating still below the 
γ-region results in an immediate globu-
larization of PAGs because of the el-
evated surface energy of the deformed 
microstructure.

• The established etchant enables conclu-
sions concerning the recrystallization be-
havior in the austenite region dependent 
on temperature and the degree of defor-
mation. This may serve as basis for stud-
ies on the recrystallization behavior of 
TM-processed steel in order to highlight 
the influences on the microstructure with 
varying deformation parameters 
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Microstructural Analysis of the Recrystallization Behavior
of Low Alloyed Steels

Raphael Esterl, Markus Sonnleitner, and Ronald Schnitzer

The recrystallization behavior of five low alloyed steels is investigated using

double hit deformation tests. It is shown, that Niobium has the biggest

influence in retarding the recrystallization kinetics. Further, the microstruc-

tural evolution dependent on strain and temperature during deformation is

studied with a picric acid etchant and light-optical analysis. It is shown how

the microstructure of two differently alloyed ultra-high strength steels

changes along with the peculiarities of the corresponding stress–strain curves

including the evolution of grain size and aspect ratio of the prior austenite

grain. The findings on the different recrystallization kinetics with the role of

recrystallization retarding elements are further reinforced by investigations on

the Zener-Hollomon parameter and the activation energy needed for dynamic

recrystallization. A rolling scenario on a deformation dilatometer is simulated

on a hardenable and a micro-alloyed steel to illustrate the microstructural

evolution between the rolling steps. It is shown, how the two ultra-high

strength steels perform different in their microstructural evolution, as the

waiving of micro-alloying elements (MAE) provides finer austenite grains.

1. Introduction

For decadesmicro-alloying is an attractive procedure in industrial
steel production to provide high strength steel grades through an
economic production route.[1] In a systematic combination of
alloying and rolling, the recrystallization processes canbe tuned to
generate a fine grained microstructure with high strength and
good ductility.[2] Nb, V, and Ti serve herein as MAE with the
strongest impact on the microstructure. Both in solute as in
undissolved condition they are proficient to retard the

recrystallization through their high solute
drag and stable precipitates (Nb and Ti)[3–7]

or stimulate the recrystallization in the
austenite region (V) promoting fine grains
and low rolling forces.[8,9]Their usage allows
to noticeably improve the properties of
structural steels and enables the production
of ultra-high strength steel (UHSS) grades.
For the latter, transformation retarding
elements such as Mn or B are also used to
reduce the critical cooling rate.[3,10–12] Be-
sides, its effect as solid solution strength-
ener, in the case of Mn,[13] they both provide
no prominent contribution to recrystalliza-
tion, but retard the austenite to ferrite and
pearlite transformationand thereforeenable
a bainitic or martensitic microstructure.

The application of the mentioned alloying
elements mainly covers the spectrum from
mild to ultra-high-strength steels with their
ability to modify the microstructure in
controlling the grain size and the γ–α

transformation. Their influence on the static
(SRX),metadynamic (MDRX), anddynamic (DRX) recrystallization
processes determined by means of double-hit deformation tests is
broadly investigated.[4,14–17] There have also been reports of
corresponding influences on the DRX and MRX in numerous
publications.[16,18–23] Furthermore, several models exist to quantify
these mechanisms mathematically, which make these microstruc-
tural phenomena, that is, the onset of the DRX and even further
recrystallization-influencing factors, such as the formation of strain
induced precipitations predictable.[18,23–26]Nevertheless, on the one
hand, there is no clear delimitation in the recrystallization behavior
of mild and hardenable steels with respect to the alloying elements
influencing the γ to α transformation. And, therefore, a sequenced
analysis of microstructure evolution in a series of deformations is
worth investigating. For example, in the case of a rollingprocess, the
involved mechanisms coincide and often cannot be distinguished
clearly from each other, which limits the precision of these models.

Thus, the goal of this study is the comparison of the
recrystallization behavior of mild steels and hardenable steels
duringhot deformation.Furthermore, thepresentwork shall solve
the challenge to display the underlying microstructural processes
both, in laboratory scale deformations and metallographic
analysis. The motivation is to support the development of UHS
steel grades with revealing the microstructural evolution.

This is done by a clear representation of the microstructural
evolution of two selected steel grades through a combination of
several small scale deformations with a subsequentmetallographic
examination. The results on the microstructural development,
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dependent on the imposed deformation, will be complemented by
an empirical investigation of the initiation of DRX.

It is experienced, that microstructural processes in a hot
rolling mill are not only based on straightforward predictable
static and dynamic recrystallization sequences. Moreover, they
are subject of complex combinations of both, recovery and
suspended recrystallization such as MDRX. The metadynamic
recrystallization, also known as postdynamic recrystallization,
belongs to the static restoration processes following a preceded
deformation. Metadynamic recrystallization is initiated from a
partially or steadily recrystallized microstructure by DRX after
straining over the critical strain.[21,22,27] In order to study the
microstructural development during hot rolling of a TM-steel,
we reproduce a laboratory scale deformation corresponding to
the real rolling process.

2. Experimental Section

2.1. Steels Investigated

To investigate the influence of different alloying elements in
combination with different process parameters on the micro-
structural evolution, five different low carbon steels were
analyzed. For the sake of simplicity, the steels were numbered
consecutively and their chemical compositions are listed in
Table 1. Steels 1–3 are mild steels with carbon contents of 0.15%.
Steel 2 is alloyed with 1.20% Cr. Steel 3 contains 0.012% Nb.
Steels 4 and 5 represent hardenable steels with an elevated
amount of Mn. Steel 4 was dispensed with alloying elements
which influence hardenability and tempering resistance (Cr, Ni,
Mo, Cu) or recrystallization behavior (V, Ti, Nb).[3,27,28] Steel 5
completes the list with the highest addition ofMAE,modified for
a TM treatment and meeting the requirements for high strength
structural applications. With the ulterior motive of maintaining
strength and increasing ductility, steel 5 is therefore alloyed with
elements improving the post tempering condition such as Cr, Ni,
Mo, and additionally Cu. A good weldability is given[29–31] and
the relatively high amount of C of 0.17% combined with 2.3% of
manganese enables a product with full martensitic strength.

For the deformation experiments, dilatometer samples were
manufactured from industrially available material via wire-
eroding with dimensions of 10mm length and a diameter of
5mm. In the following, tungsten platelets were utilized in order
to reduce the thermal flow between the sample and the
deformation stamp and a “type S” thermocouple was mounted
on the sample to determine the sample temperature during
deformation.

2.2. Sample Preparation and Determination of the PAG

The preparation of the samples is identical for all following
analysis procedures. The specimens were hot embedded and
then ground from 320 grit to 4000 grit SiC paper for at least 30 s.
Subsequently, the samples were polished with 3mm diamond
paste for at least 3min and with 1mm for 30 s. For the
metallographic investigation, a picric acid etchant was used to
reveal the PAGs after direct quenching. A specially developed
etching process was applied, which is described in detail
elsewhere,[32] based on the picric acid presented by Bechet-
Beaujard in 1955.[33] The etchant was modified by sodium
dodecyl sulfate as wetting agent and performed at room
temperature. Yet, selected samples were treated in a heated
etching solution at 70 �C to enhance the emerge of the PAGs. For
the evaluation of the grain sizes, the image analysis software
“Olympus Stream” was used to determine the equivalent grain
diameter. The width to height ratio of the grain was used to
calculate the aspect ratio. The detailed description of the method
can be found in ref. [32]

2.3. Dilatometer Experiments and Characterization of the

Recrystallization Behavior

In order to investigate the SRX including the determination of
the TNR, which is of major interest regarding the design of TM
steels, double hit experiments are the method of choice. This
relatively straightforward technique allows a detailed sequencing
of different alloyed steels regarding their recrystallization
behavior. The test procedure consists of a sequence of six
segments[14]: After solution annealing 1) the samples are cooled
to the deformation temperature (2), and compressed with a
selected strain rate and strain (3). Followed by a variable
interpass time ti (4), the specimen is deformed with a set of given
parameters (5). Finally, the percentage of recrystallized fraction,
respectively, fractional softening (FS) is determined (6). To
analyze double-hit deformation test data, literature describes
four main methods: the 0.2% and 2% offset method, the 5%
strain method, the back-extrapolation method and mean flow
stress method.[4,14,34–36] Due to the fact, that the 5% strain
method enables an uncomplex and unambiguous evaluation of
the obtained data, this method was chosen for this study. It
avoids the extrapolation of the recorded curve which can lead to a
misinterpretation as the first incline of the slope can be
influenced by the immediate contact of the deformation stamps.
Furthermore, the 5% true strain is large enough to exclude the
effects of recovery, as the determined softening is controlled by

Table 1. Chemical composition of the steels investigated [m%].

Steel Description C Mn Cr Ni Mo Cu V Ti Nb B

1 Mild steel 0.15 1.1 0.02 <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.001

2 Mild steelþCr 0.15 1.2 1.20 <0.01 0.01 0.01 <0.01 <0.01 <0.01 <0.001

3 Mild steelþNb 0.15 1.1 0.02 <0.01 0.01 0.03 <0.01 <0.01 0.01 <0.001

4 Hardenable steel 0.17 2.3 0.30 <0.01 0.01 0.08 <0.01 0.02 <0.01 0.002

5 Hardenable steelþMAE 0.17 1.4 0.70 1.0 0.50 0.45 0.05 0.02 0.04 <0.001
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recrystallization. The extraction of the values is illustrated in
Figure 1. The fractional softening is calculated according to
Equation (1), wherein σm;5%TS is the flow stress at 5% true strain
of a hypothetical second curve corresponding to zero softening.
σ0;5%TS is the stress at 5% true strain of the first deformation,
σr;5%TS at the second deformation.

FS ¼
σm;5 %TS � σr;5 %TS

σm;5 %TS � σ0;5 %TS
ð1Þ

If the calculated softening is plotted against ti for a selected
temperature, the Johnson-Mehl-Avrami fit can be applied to
model the recrystallization kinetics. Palmiere et al. stated, that
20% of the FS can be attributed to recovery.[25,37,38]

Consequently, softening above 20% is related to SRX.
Nevertheless, the present work will continue the convention
using the term fractional softening in analogy with restriction
to the recrystallized fraction,[17,18] as this fact plays a decisive
role sequencing different steels concerning their recrystalli-
zation behavior. An absolute confidence about the recrystal-
lized fraction only is gained with a corresponding
metallographic analysis. Nevertheless, the effort to analyze
each individual sample would exceed the benefits by far and
bring the methodology to analyze the SRX behavior via flow
stress curves in question.

In a set of experiments, the combination of both,
deformation and subsequent metallographic analysis was
realized. The scientific issue is, how accurately characteristic
elements such as a decline of a stress–strain curve, which is
associated with a DRX as can be seen in Figure 2, can be
visualized in the microstructure. The sequence of deforma-
tion chosen for this study can be reconstructed by the flow
stress curve displayed in Figure 2 with an overall deformation
of φ¼ 1.0. These flow stress curves of steel 4 and 5 were split
in deformations of φ¼ 0.2, 0.4, 0.6, and 0.8 in order to study
the microstructural evolution at these stages of deformation.
After the samples were subjected to solution annealing of
5min at 1250 �C they were cooled to deformation

temperatures of 950 and 1000 �C, respectively. After deforma-
tion, the samples were immediately quenched in order to
preserve the austenite grain condition.

To describe the yield stress in terms of temperature and strain
rate, the Zener-Hollomon parameter (Equation (2)) is plotted to
show the relation between strain rate and temperature on the
flow stress curve.[39,40]

Z ¼ f kf
� �

¼ A�sin h a�kf
� �n

ð2Þ

The deformation procedure of the two selected steels (steel 4
and steel 5) involved solution annealing at 1250�C and
subsequent forming at 850, 900, 950, and 1000 �C, respectively,
at four different strain rates φ

̇

¼ 0.01, 0.1, 1.0, and 10.
This hyperbolical equation contains A, α and n as material-

specific constants dependent on a corresponding strain value, kf
is the maximum of the flow stress curve. After substitution of
f(kf) and using the natural logarithm, Equation (3) arises with the
relationship for kf.

ln _φð Þ þ
Q

RT
¼ ln Að Þ þ n�ln sin h a�kf

� �� �

ð3Þ

A linear regression of the double log depiction of ln(φ) on the
maximum of the true stress–strain curve ln(kf) and the single
logarithmic representation of ln(φ) and kf, based on the least
squares method, provides the material-specific constants. A
partial integration of Equation (3) at constant strain rate delivers
the activation energy Q (4):

Q ¼ R�n
d⁢ln sin h a�kf

� �� �

d 1
T

" #

ð4Þ

The calculated activation energy is used to demonstrate the
influence of alloying elements on the underlyingmicrostructural
processes such as grain refinement.

Figure 1. Exemplary calculation of the fractional softening with the 5%

True Strain Method on steel 5 at 1050 �C.

Figure 2. True stress–strain curves of steel 5 deformed at 950 �C with

φ¼ 0.2, 0.4, 0.6, 0.8, and 1.0 to study the microstructural condition at

different degrees of deformation.
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In order to study the microstructural development during hot
rolling of a TM-steel, a hypothetical milling process was chosen
according to Table 2 to investigate the austenite grain condition
between the different rolling steps. The deformation degree
decreases during rolling as the deformation resistance increases
with declining temperature. The time between the rolling passes
decreases as the hot strip extends in length which consequently
leads to an enhancing deformation rate. Due to limitations of the
deformation dilatometer, the deformation rate was kept constant
at φ

̇

¼ 10. Although, recrystallization processes are dependent on
the deformation rate, the corresponding influence was classified
as marginal and thus neglected in this study. After the
corresponding deformation, the samples were immediately
quenched in order to preserve the austenitic grain structure and
adjust the martensitic grain structure intended for these steels.
Due to the fact that in a milling process with subsequent
quenching, the impact of water occurs delayed, after the last
deformation step a holding time of 3 s was realized.

3. Results

3.1. Static Recrystallization Behavior and Softening

The fractional softening of steel 1–5 was analyzed using the 5%
true strain method described in the previous chapter. The FS of
steel 1–4 was studied at 850–1000 �C, whereas steel 5 was
evaluated at 900–1050 �C due to the fact that its micro-alloying
and its resulting retarded recrystallization made an investigation
below 900 �C not conductive. The double-hit experiments for the
five different steels investigated showed the softening behavior
displayed in Figure 3a–e. Steel 1 (Figure 3a) shows a clearly
defined softening/static recrystallization behavior. Even at
relatively low temperatures of 850 �C softening starts within
seconds. Steel 2 (Figure 3b) behaves similar, however the
recrystallization at 850 �C seems slower. Figure 3c illustrates the
significant influence of Nb on the softening behavior of steel 3.
Already the 50%-softening at 950 and 1000 �C is shifted by a
factor of 10. At 900 �C the recrystallization is already slowed
down so much, that especially in a hot strip mill with interpass
times of a few seconds full static recrystallization does not occur.
At 850 �C, recrystallization processes are suppressed so far, that a
probable softening rather can be attributed to recovery.
Figure 3d displays the softening of steel 4, with an interesting
fit of the recrystallization behavior. The elevated Mn content
possesses no influence on the softening, when compared to the
mild steels. Although these differences are not significant, it

seems that above 900 �C the softening proceeds even faster than
in mild steels, whereas at 850 �C it is clearly reduced. For steel 5
(Figure 3e) an examination at 850 �C was omitted since the
recrystallization at 900 �C was already reduced immensely, that
below this temperature softening processes are not expected.
The softening distribution of steels 5 exhibits plateaus between
temperatures of 1000 and 1050 �C.

3.2. Dynamic Recrystallization and Corresponding Grain

Size Analysis

The true stress–strain curves reveal material specific peculiari-
ties, which can be indicative for a softening due to recovery or
recrystallization. Steels 4 and 5 are classified as ultra-high
strength steels, but are – due to varying applications – differently
alloyed. In order to study their different recrystallization, in
particular DRX, the microstructure of steel 4 and 5 was
investigated following the deformation procedure described in
section 2.3. Figure 4 displays the flow stress curve of steel 4
(black curves) and steel 5 (red curves) at a temperature of
950 �C (dashed line) and 1000 �C (dotted line), respectively. The
peaks, which are supposed to be an indication for the beginning
of DRX are slightly shifted; the peak of Steel 4 is located at a
strain of φ< 0.4 at 1000 �C, whereas the onset of the DRX at
950 �C of steel 4 is shifted toward a higher strain φ> 0.4.
Moreover, steel 4 responds both at 950 and 1000 �C with a more
pronounced decline of the stress curve on the applied
deformation than steel 5, which can be explained by a more
significant softening due to DRX processes.

The light-optical images (Figure 5a–c) demonstrate the
microstructural evolution of steel 5 with respect to the imposed
deformation according to Figure 2. The mean grain size after
solution annealing of 5min at 1250 �C was 38 μm. With
increasing deformation, the austenite grain elongates perpen-
dicular to the axis of compression. At the peak of the flow stress
curve (φ¼ 0.4), the corresponding microstructure reveals zones
of recrystallized grains. The grain size analysis (Figure 6)
confirms this fact as the grain size distribution is shifted to
smaller grain sizes. According to both light – optical analysis and
the subsequent grain size investigation, full recrystallization of
the austenite grain is reached at φ¼ 0.8, where the flow stress
curve reaches a saturation level.

The different recrystallization behavior of steel 4 and 5
moreover is reflected by the evolution of the PAG aspect ratio
displayed in Figure 7 for two different temperatures, 950 and
1000 �C. With increasing deformation, the aspect ratio rises for
both, steel 4 and 5. However, steel 4 possesses a very globular
grain throughout the whole deformation. The aspect ratio does
not exceed values above 1.5, at φ¼ 0.4 it shows a maximum, and
decreases to values of �1. This trend coincides with the
progression of the flow stress curve (Figure 4). At 950 �C an
aspect ratio of 1.17 remains, whereas at 1000 �C the aspect ratio
is reduced to 1.06. Steel 5, however behaves different. At 950 �C,
the aspect ratio develops to a maximum at φ¼ 0.8 and falls
subsequently to a value of 1.98 at φ¼ 1.0. In contrast to the
evolution at 950 �C, the development of the aspect ratio at
1000 �C shows only an increase till φ¼ 0.6. The recrystallization
is obviously accelerated to lower deformations. The light-optical

Table 2. Deformation sequence performed at a deformation

Dilatometer Bähr 805 A/D to investigate the microstructural evolution

of steel 4 and 5.

Deformation step/parameter 1 2 3 4 5

φ [�] 0.25 0.25 0.15 0.15 0.1

φ [s–s] 10 10 10 10 10

T [�C] 1000 950 925 900 875

T [s] 2.5 2 1.5 1.5 (3)
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images (Figure 8a–d) reflect, that compared to steel 5, steel 4
reveals no increased pancaking toward higher deformations,
even at high deformations the PAGs exhibit a globular shape.
The corresponding grain sizes at a deformation of φ¼ 0.2 are
measured with 24 μm at 950 �C (Figure 8a) and 10 μm at 1000 �C
(Figure 8c). The mean grain sizes decrease at both temperatures
with increasing deformation of φ¼ 0.8 down to 7 μm (950 �C –

Figure 8b) and 10 μm (1000 �C – Figure 8d), respectively.

3.3. Calculation of the Activation Energy for the Initiation of

DRX

Figure 9 demonstrates the evaluation of the Zener-Hollomon
parameter and the activation energy of steel 4 and 6. The
determination is based on the evaluation of flow stress
maxima kf max at four different temperatures between 850
and 1000 �C and strain rates of φ

̇

¼ 0.01, 0.1, 1.0, and 10.
Figure 9a provides the relationship between kf max and φ

̇

for
steel 4 at the different temperatures. The material specific
constants were determined with n¼ 6.7782 and α¼ 0.00675
MPa�1. For steel 5, (Figure 9b) the constants are calculated
as follows: n¼ 8.5257 and α¼ 0.00595MPa�1.
Figure 9c demonstrates the relationship between the flow
stress kf as a function of the Zener-Hollomon parameter Z
for both steels investigated. Following this approach,
the values for Q were deduced which amounts Q¼ 199 KJ
K�1mol�1 for steel 4 and 256 KJ K�1mol�1 for
steel 5.

3.4. Grain Size Evolution during Rolling-Like t-T- φ Cycles

After deforming steel 4 and steel 5 following a hot rolling
scheme (Table 2), the grain size distributions as depicted in
Figure 10 were detected. The grain size range of steel 4 is
spread over a limited area, whereas steel 5 possesses a wider
size distribution. With increasing deformation, steel 4 in
general develops smaller size partitions. The mean grain sizes
of steel 5 trend to smaller fractions with increasing
deformation as well, that means, large grains recrystallize

Figure 3. Fractional softening of Steel 1–5; Steel 1–4 were analyzed at 850–1000 �C, steel 5 at 900–1050 �C as an investigation below this temperature is

due to its micro-alloying and the resulting retarded recrystallization not conducive.

Figure 4. True stress–strain curve of steel 4 and steel 5 at T¼ 950 and

1000 �C, showing their different DRX behavior. Steel 4 exhibits a more

pronounced DRX indicated by the noticeable decline of the (black) curve

after the peak stress.
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in favor of smaller ones. Nevertheless, the mean grain sizes do
not reach the magnitude of steel 4. Figure 10c provides an
overview of the development of the microstructural character-
istics. For both steels, the aspect ratio increases in general
with growing deformation, whereas the mean grain sizes
decrease.

4. Discussion

4.1. Static Recrystallization Behavior and Fractional

Softening

Double-hit experiments provided an extended survey of the
softening and thus the static recrystallization behavior of the
investigated low-C steels. This analysis enables a sequencing of
the steels investigated regarding their different alloying
elements. Figure 11a–d demonstrate the softening of the
different steels arranged parallel at the individual temperatures
of 850–1000 �C.Mild steel 1 and 2 possess a continuous fast SRX
behavior. Despite the content of transformation retarding
elements present in steel 4, its SRX behavior matches the
behavior of mild steels. The increased levels of both Si and Mn

Figure 5. PAGmicrostructure of steel 5, austenite grains visualized with a

picric-acid etchant. a) After solution annealing at 1250 �C for 5min, (b)

after a deformation of φ¼ 0.4 at 1000 �C, (c) fully recrystallized after a

deformation of φ¼ 0.8 at 1000 �C.

Figure 6. Grain size evolution after deformations of φ¼ 0.2, 0.4, 0.6, 0.8,

and 1.0 at 1000 �C. With increasing deformation, the grain size

distribution shifts to smaller grain sizes. At φ¼ 0.8 the microstructure

is fully recrystallized.

Figure 7. Elongation of the PAGs dependent on the deformation for steel

4 and 5. At 1000 �C and a deformation of φ¼ 0.8 the value for elongation

of steel 5 descends to almost 1, confirming the recrystallized

microstructure. At 950 �C the elongation increases with no significant

full recrystallization due to the recrystallization retarding elements.
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apparently do not affect the SRX, although Medina et al. have
reported a minimal influence.[41] Also, Ti seems not to affect
SRX although Ti is known to possess high potential to elevate the
TNR in retarding the recrystallization.[7,16] Amajor function of Ti
however, is revealed in regarding the grain sizes after solution
annealing. Whereas the variants which are dispensed with Ti
show a high potential to grain growth at 1200 �C, in opposite, the
Ti variants, steel 4 and 5 still reveal relatively small grain sizes
despite a higher solution annealing temperature of 1250 �C.

The effect of Nb on the SRX is more pronounced and thus
clearly visible in the diagrams. A surcharge of 0.01%Nb in steel 3
results in a similar recrystallization behavior as this of the micro-
alloyed hardenable variant, steel 5. Steel 5, furthermore forms
plateaus at 1000 �C (Figure 11d) and 1050 �C (Figure 3f). This is
an indication to the formation of strain induced precipitations,
(VC and TiC), which delay the recrystallization. The amount
of V however is very little (0.05%) and this phenomenon is not
very pronounced at the other temperatures. Thus, is can be
presumed that strain induced precipitations need to be
attributed to NbC or TiC. For proofing this hypothesis, TEM
investigation would be required.

4.2. Grain Size Analysis after Deformation and DRX

Behavior

Steel 4 and 5 were imposed to different deformations in order to
investigate the microstructural development during deforma-
tion. The first set of deformations was performed at a constant
temperature, yet different degrees of deformation. The second
set contained a laboratory scale rolling-like t-T- φ cycle. These
investigations provided an interesting insight into the develop-
ment of the microstructure. From the true stress curves
(Figure 4) a maximum of the DRX at the peak point of
φ� 0.4 and a saturation region of the DRX at φ� 0.8 can be
expected. For both steels, the corresponding microstructure
however showed differences in their progression at 950 and
1000 �C. It is evident, that the flow stress curve of both steels
behave approximately congruent. The niveau of their corre-
sponding flow stress curve is shifted upwards with descending
temperature as the deformation resistance increases with
decreasing temperature. Nevertheless, comparing the yield
stress curves of the two steels, it is obvious, that they behave
differently in their further progression as they possess a different
recrystallization behavior due to their different alloy contents. At
the individual temperatures, the gradient of the curves coincides

for both temperatures which indicates, that both steels exhibit
similar strength. However, the stress-inclination of steel 4
declines earlier as softening processes are in progress, whereas
the stress level of steel 5 rises higher as the incorporated MAE
prevent a preliminary softening. Besides this accelerated
creasing of steel 4, the overall appearance of the similar flow
stress curves could be taken to imply that the recrystallization
processes between the steels behave similar. Although it is
common to declare the onset of the DRX with the relatively easy-
to-interpret peak value, literature agrees, that the start of the
DRX at this point is already in progress.[42,43] More precisely is
the inflection point of the flow stress curve to be classified as the
onset of DRX.[44,45] Both steels first show a significant peak and
then reach a saturation level, at 950� as well as at 1000 �C.
However, the corresponding metallographic analysis demon-
strates, that steel 4 which exhibits an initial grain size after
annealing of 30 μm already recrystallizes to a grain size of 10 μm
after deforming with φ¼ 0.2 at 1000 �C. Steel 5 though, which
exhibits an initial grain size of 37 μm starts not before φ¼ 0.4
with small recrystallized spots. The elongated austenite grain
and zones of smaller globular grains, whose presence are
indicative for an active recrystallization, can be seen in Figure 8b.
The shift of the peaks presents a clear change in the
microstructure through ongoing microstructural processes.
The PAGs of the sample deformed with φ¼ 0.8 at 1000 �C
(Figure 8c) illustrate, that the microstructure is fully recrystal-
lized at this state of deformation. The grain size distribution
represents a limited area of existence far below the initial grain
size. With increasing deformation (φ¼ 1.0) the grain partitions
are yet recrystallized and thus smaller in size, but rise in their
aspect ratio. The deformation at 950 �C delivered quite different
findings concerning the microstructural processes. At φ¼ 0.4,
some small grain fractions are recognizable, whose proportion
increases constantly up to φ¼ 0.8. However, full DRX was not
accomplished. The empirical determination of TNR with the
Boratto equation[11] delivers a value of 993 �C. This value would
coincide with the softening curves (Figure 11c, d), as between
950 and 1000 �C a significant gap in the static recrystallization
kinetics is visible. However, the determination of TNR with the
Boratto equation needs to be accepted with reservation, as it does
not include the effect of Mo. Mo is known to influence the TNR

and retard the recrystallization significantly.[46]

In order to extend the observed feature to the DRX, the
investigations demonstrate, that below 1000 �C a fully dynamic
recrystallization only can be accomplished with very high
deformations (>φ¼ 1.0). This fact again stands in conflict with

Figure 8. Light-optical images of steel 4–PAGs etched with a picric acid etchant, showing the microstructural evolution at deformation of a) φ¼ 0.2, (b)

φ¼ 0.8 at 950 �C and deformations of (c) φ¼ 0.2, and (d) φ¼ 0.8 at 1000 �C.
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the peculiarities of the flow stress curve, in which the saturation
regime might lead to the assumption that a DRX is present.

As discussed, steel 4 responds with a significantly accelerated
recrystallization due to the reduced micro-alloying elements.
Already at φ¼ 0.2 a clear grain refining occurs, compared to the
initial state. Since steel 4 demonstrated to be very receptive for
recrystallization especially in the static softening (Figure 3d and
11a–d), the small deformation of φ¼ 0.2 in the immediate
moment before quenching could have led to recrystallization.
Nevertheless, differences in the microstructure are also evident,

Figure 9. Correlation between kf and strain rate at different temperatures

of (a) steel 4 and (b) steel 5. c) The flow stress kf is plotted as function of

the Zener-Hollomon parameter Z for steel 4 and steel 5.

Figure 10. Grain size evolution after deformation according the

simulated milling process of a) steel 4 and (b) steel 5. c) Evolution of

the mean grain size and aspect ratio for both steels.
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as the grains are much finer at 1000 �C then at 950 �C. With
increasing deformations, the grain evolution behaves almost
identical for both temperatures. At 950 �C the grain size (�7 μm)
decreases in favor of a consistent aspect ratio (1.25), while at
1000 �C a globular grain remains, marginally enlarged in size
(�10 μm). These findings confirm the prevailing DRX processes
that result in complete recrystallization at both temperatures. At
1000 �C the temperature is high enough to activate the complete
globularization of the grain with a tendency to grain enlarge-
ment, whereas at 950 �C the temperature is enough to initiate
grain refinement, yet leaves a remaining aspect ratio.

Thesefindingsaresupportedby the investigationsontheZener-
Holomon parameter and the activation energy. The accelerated
recrystallization of steel 4 due to the reduced content of micro-
alloying elements is expressed by the value of the activation energy
Q, which is 199KJK�1mol�1. In contrast, steel 5 possesses a
higher activation energy for DRX of 256KJK�1mol�1. This
confirms theretarded recrystallizationofsteel 5 asvisualized in the
previous microstructural analysis. According to the correlation
between Q and the chemical composition of Nb alloyed steels:

Qdef ¼ 297þ 6412 %Nb½ � þ 123 %Mo½ � þ 1 %Ni½ �
� 111 %Cr½ � ð5Þ

proposed by Jonas et al.,[47] the calculated activation energy for
steel 5 amounts 288KJ K�1mol�1. This value is slightly higher
than the experimentally determined. This difference, however,
can be related to the influence of V and Ti, which is not included
in this equation.

The comparison of the microstructural evolution after both
steelswere subjected to a hypothetical rolling process, provided an
insight into the different grain refinement behavior. Both steels

showacleargrain-refinement tendencyasa resultof thesuccessive
deformation steps (Figure 10a–c). However, in the case of steel 5,
recrystallization is not complete. During the first two deforming
steps, the grain aspect ratio increases, whereas subsequent
deformations steps result inadecreaseof thegrain aspect ratio and
grain size. Only after this degree of deformation, it appears, that
enough energy has been induced to initiate at least a partial
recrystallization. Steel 4 obviously recrystallizes after each
deformation step. After the third step the remaining aspect ratio
is elevated and differs just weakly in value from steel 5. An
inauguration of the microstructure after etching the PAGs with a
picric-acid etchant indicate, that the aspect ratio of steel 4 is
distributed over the whole aggregation of grains. The aspect ratio
calculated for steel 5 is concentrated on several big grains, whereas
the microstructure possesses areas of a high amount of globular
recrystallized grains which possess an aspect ratio of 1. These
grains compensate the high aspect ratio of the bigger grains.

5. Summary

The main findings are summarized in the following:

1) Double-hit deformation tests performed on a dilatometer
showed the softening behavior of 3 mild and 2 hardenable
steels with different alloying contents. A significant gap in
the SRX behavior between the Nb or V alloyed and the plain
carbon steels gap could be shown. Mn and Cr, which retard
the γ to α transformation do not have any influence on the
SRX behavior.

2) Sequenced deformations were performed to reproduce the
different microstructural stages of a flow stress curve

Figure 11. Fractional softening of Steel 1–5 sorted in the investigated temperatures of (a) 850 �C, (b) 900 �C, (c) 950 �C, and (d) 1000 �C.
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metallographically. Is it shown, that characteristic peculiari-
ties of a stress strain curve such as an evident peak or a
saturation regime, which can be associated with microstruc-
tural features need to be interpreted with reservation. In
specific, DRX can be initiated already before the inflection
point of the inclining curve and a saturation regime does not
necessarily mean a full recrystallization due to DRX.

3) Deformations with different deformation parameters (T and
e

̇

) on two UHSS steels showed the influence of MAE on the
activation energy of DRX. These findings coincide with the
metallographic analysis of the investigated steels, micro-
alloying leads to a reduced recrystallization visible in the
microstructure. The corresponding activation energy for
DRX is increased.

4) A rolling scenario was performed on a dilatometer on two
ultra-high strength steels and the microstructure develop-
ment at the different deformation steps was investigated.
Although both steels show the same carbon content, the
particular steel dispensed with MAE recrystallizes continu-
ously to a homogenous globular austenite grain. The second
steel, alloyed with recrystallization retarding elements, such
as V and Nb generated a pancaked austenite grain with wide
grain size distributions.
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Influences of Thermomechanical Treatment and Nb
Micro-alloying on the Hardenability of Ultra-High
Strength Steels

RAPHAEL ESTERL, MARKUS SONNLEITNER, and RONALD SCHNITZER

For the construction of mobile crane booms, ultra-high strength steels produced via
thermomechanical processing (TMP) have widely substituted steels fabricated through the
conventional quenching and tempering (Q+T) route. A strong deformation of the austenite
grain during hot rolling followed by direct quenching (DQ) offers benefits in terms of strength
and toughness. To guarantee an optimal through-hardening, alloying elements retarding the c to
a transformation are used. To explore the influence of the processing route on the critical
cooling rate and the hardenability, hot deformation tests were performed on a deformation
dilatometer. Different cooling rates were applied after deformation corresponding to two
different rolling cycles with varying finish rolling temperatures (FRTs). The obtained hardness
values were compared to those received through conventional quenching after austenitization.
These investigations conducted on three steels with varying micro-alloying contents showed that
Nb in combination with TMP raises strength significantly, and promotes a bainitic and ferritic
transformation in solid solution. When applying low FRTs and in combination with other
micro-alloying elements, NbC coarsens and reduces the effect of precipitation hardening.

https://doi.org/10.1007/s11661-019-05235-8
� The Author(s) 2019

I. INTRODUCTION

IN the recent decades, thermomechanical processing
with subsequent direct quenching (TM-DQ) has gener-
ated an attractive way to produce ultra-high-strength
steels.[1–6] Their high demand arises from an improved
payload-to-weight ratio for mobile crane applications.
The requirements of the user and manufacturer were
met through both economic and efficient production
routes. The highest strength and proficient toughness as
well as good weldability are realized with these steel
grades.[7] This is accomplished by the systematic com-
bination of an alloying and a rolling schedule in which
the recrystallization processes are tuned to achieve a
fine-grained austenitic microstructure prior to marten-
sitic transformation. The influence of the condition of
the prior austenite grain (PAG) on the properties of the
emerging steel product has been investigated in
depth.[8,9] The dimension of the emerging substructure

such as packets and blocks[10] is proportional to the size
of the PAGs.[11] A decrease in the PAG size results in
smaller martensitic constituents.[12] Consequently, the
Hall–Petch correlation can also be extended on marten-
sitic microstructures. A decrease of the size of the prior
c-grain promotes a strength improvement through the
smaller dimensions of martensite. The number of
barriers for the movement of dislocations increases,
which is followed by a rise in strength. Furthermore,
rolling in the nonrecrystallization c-regime (TNR) pro-
motes an elevated number of nucleation sites for the
following c to a transformation enhancing the grain
refining.[4,8,13] It has been well established that decreas-
ing the finish rolling temperature improves both strength
and toughness.[6,14–16] For a further improvement in the
strength of these steels, a martensitic transformation is
performed by instant quenching.[4,8,17] Therefore, alloy-
ing elements such as Mn, Cr, Mo, Si, and B come to
application, which, in dissolved condition, decelerate the
diffusion-controlled c to a transformation and enable
full martensitic strength.[18] During cooling, Mo retards
the pro-eutectoid ferrite and perlite transformation[19]

and prevents the Nb-precipitation to Nb(CN).[20] Si,
Mn, and Cr decelerate the perlite and bainite transfor-
mations through different mechanisms. The role of Si is
based on its inhibition to form carbides due to its low
solubility in cementite.[18] The influence of Cr on the
hardenability is less pronounced than the effect of Mn,
as Cr requires higher additions to decrease the critical
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cooling rate,[21] yet, like Mo, it counteracts the softening
during tempering.[18,22] The strongest impact on the
hardenability possesses B, which already influences the c to
a transformation with very low alloying contents.[23–25]

It is generally recognized that the critical cooling rate
and MS are a function of alloying contents and
elements.[20,26] The influences of several alloying ele-
ments retarding the c to a transformation have been
broadly investigated. Moreover, the influences of the
rolling conditions and FRTs on the mechanical prop-
erties of the martensitic steel product are largely
scientifically explored.[8,16,17] Nevertheless, there is a
lack of research, if the rolling conditions and especially
the FRTs influence both MS and hardening character-
istics. To investigate the effect of the FRT on the
hardenability, a rolling scenario with two different FRTs
was performed on a Deformation Dilatometer Bähr 805
A/D. In order to examine, if micro-alloying possesses an
effect on the hardenability in combination with different
rolling parameters, three different steels were analyzed.
In detail, two hardenable steels with different Niobium
contents were compared to a hardenable and temper-re-
sistant steel in order to investigate the hardenability
depending on different production routes. Steels
processed via TMP still are in competition to steels
produced via the classical quenching and tempering
(Q+T) route, as manufacturers promote the improved
impact strength and better isotropy concerning their
mechanical properties of Q+T steels.[14,27–30] Therefore,
we further intend to compare the hardenability of TM
steels to that of the steels produced via a traditional
Q+T route. In addition, CCT diagrams of the investi-
gated steels will demonstrate the influences of the
processing route and the Nb content on the c to a
phase transformation and the resulting hardness values.

II. MATERIALS AND EXPERIMENTAL
PROCEDURE

A. Materials Investigated

The investigations on the influence of the TM
processing on the hardenability have been conducted
on three different steels. The corresponding melts were
produced in an induction furnace according to the
composition listed in Table I. The steels represent
hardenable steels with a carbon content of 0.17 pct.
Steels 1 and 2 are alloyed with Mn, Si, and B retarding
the c to a transformation to ensure a martensitic
microstructure under corresponding cooling conditions.
These steels only differ in their Nb content in order to
examine the influence of Nb on the hardenability after
TMP. In Steel 3, the Mn content is reduced and is

yet alloyed with the micro-alloying element (MAE) V,
optimized for a TM-processing route. In addition,
steel 3 is dispensed with B, however, modified with
elevated contents of Cr, Ni, Mo, and Cu compensating
for the softening during tempering.[31]

B. Experimental Procedure and Sample Preparation

To prepare the material for the investigations, the raw
material was prerolled, and dilatometer samples were
extracted via wire-eroding with dimensions of 10 mm
length and a diameter of 5 mm. In the following,
tungsten platelets were utilized in order to reduce the
thermal conduction between the sample and the defor-
mation stamp, and a ‘‘type S’’ thermocouple was
mounted on the sample to determine the sample
temperature during deformation. To reproduce a
TM-rolling scheme, the deformation sequence according
to Table II was performed using a deformation
Dilatometer Bähr 805 A/D. Two different FRT were
studied, the deformation program contained a nominal
overall compression of u = 1.0. After a solution
annealing of 5 minutes at 1250 �C, the subsequent
deformations were split into 5 passes, starting at a
temperature of 1000 �C and finishing at 875 �C (rolling
scenario FRT 1), and starting at 1075 �C, respectively,
aiming for an FRT of 950 �C (rolling scenario FRT 2).
The samples were quenched after deformation and an
additional holding time of 3 seconds in order to portray
a realistic representation of an industrial TM-rolling
process, as quenching after the finish rolling steps occurs
after several seconds. Five different cooling rates were
performed: k = 1, 3, 10, 30, and 100 K/s.
To compare the hardenability of the steel samples to

those quenched after re-austenitization (Q+T route),
prerolled samples were subjected to an austenitization of
930 �C for 5 minutes. Subsequently, the samples were
quenched with the same cooling rates implemented on
the deformed samples. From the dilatation data, the
transformation temperatures were analyzed through the
length expansion DL/L occurring at the phase transfor-
mations.[32,33] The three-tangent method was used to
determine the 5 pct—start and 95 pct—end of the phase
transformation. Only the beginning and the end of the
first observed transformation during cooling were taken
into account.
Prior to the hardness testing, the specimens were hot

embedded and then ground with 320 to 4000 grit SiC
paper for at least 30 seconds. Subsequently, the samples
were polished with 3-lm diamond paste for at least
3 minutes and with 1-lm paste for 30 seconds. Five
HV10 hardness measurements were performed on each
sample. Care was taken to ensure that the hardness was
extracted from the center of the sample. To reveal the

Table I. Chemical Compositions of the Steels Investigated [m Percent]

Steel/Composition C Si Mn Al Cr Ni Mo Cu V Nb Ti B

Steel 1 0.17 0.2 2.3 0.05 0.25 0.08 0.02 0.002
Steel 2 (+Nb) 0.17 0.2 2.3 0.05 0.25 0.08 0.04 0.02 0.002
Steel 3 (+MAE) 0.17 0.2 1.4 0.05 0.70 1.0 0.4 0.5 0.03 0.04 0.02 < 0.001
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PAGs, the samples were etched with a picric acid
etchant. Their compositions and procedures are
described in Reference 34. For the metallographic
analysis of the PAGs, the equivalent grain diameters
and the aspect ratio of the PAGs were determined using
the image analysis software MIPAR�.[35] For the
microstructural analysis of the transformed microstruc-
ture, the samples were polished with a silicate polishing
(Struers OPS) for 10 minutes prior to a finishing
electrolytic ablation of 5 seconds with 35 V. Subse-
quently, the samples were dipped into a Nital etchant.
The images of the microstructures were recorded using
an optical microscope and a FIB Versa FEI 3D
DualBeam scanning electron microscope (SEM). The
characteristics of the emerging precipitates of NbC were
evaluated by means of EDS analysis using an EDAX
Octane Plus detector and the software package TEAM
4.3.

III. RESULTS

The effect of the process route on the hardenability is
shown in Figure 1. Steel 1 exhibits no significant
influence of the FRT on the hardening behavior, the
hardness progressions dependent on the cooling rates
are congruent. Nevertheless, the hardness is noticeably
increased with lower FRT (448 HV10) compared to the
FRT of 950 �C (433 HV10) and the sample quenched
without deformation (435 HV10) at the highest cooling
rate of 100 K/s. Steel 3 possesses the same phenomenon.
The hardness at high cooling rates> 3 K/s is clearly
elevated for the lower FRT of 875 �C and amounts 472
HV10 at a cooling rate of 100 K/s compared to 460
HV10 for the sample deformed with an FRT of 950 �C
and 451 HV10 for the undeformed, plain quenched
sample. However, at a cooling rate of 1 K/s, both the
undeformed quenched sample and the compressed
sample with an elevated FRT possess higher hardness
values: 413 HV10 and 417 HV10, respectively, com-
pared to 372 HV10 measured for the sample deformed
with an FRT of 875 �C.

Figure 1 also contrasts the hardening behaviors of
steel 1 and steel 2, and therefore the influence of Nb on
the hardening behavior depending on the process route.
The upper diagram compares the hardness values of
steels 1 to 3 in a plain hardened condition dependent on
the cooling rate. At low cooling rates < 10 K/s, the
Nb-alloyed steel (2) only reaches low hardness levels
below 350 HV10. A full martensitic hardness only is

reached at high cooling rates of 30 and 100 K/s.
Regarding the latter, the hardness of the Nb steel (2)
even exceeds that of the Nb-free variant (435 HV10)
with a value of 448 HV10. The additional strength
contribution through Nb is even more apparent in the
deformed samples at both finish deformation tempera-
tures of 875 �C and 950 �C. At high cooling rates of
100 K/s, the hardness gain through an addition of
0.04 pct Nb amounts + 41 HV10 (from 446 HV10 to
487 HV10) at an FRT of 875 �C (middle graph). This
effect is repeated at the higher FRT of 950 �C (bottom
diagram). An addition of 0.04 pct Nb results in a
hardness plus of 43 HV10. At low cooling rates of 3 K/s,
the higher Nb content seems to retard the c to a
transformation both at the FRTs of 875 �C and 950 �C.
At the lowest FRT, martensitic hardness is even reached
with a Nb content of 0.04 pct at a cooling rate of 1 K/s.
The lower-temperature-deformed samples again attain
higher hardness levels. At a cooling rate of 100 K/s, the
samples deformed with an FRT of 950 �C reach
hardness values of 433 HV10 (Nb-free) and 477 HV10
(Nb+), respectively, whereas the corresponding hard-
nesses at an FRT of 875 �C reach values of 446 HV10
(Nb-free) and 487 HV10 (Nb+).
Figure 2 shows the transformation start and finish

temperatures of steels 1 and 2 and the resulting
microstructures related to the adopted processing route
and the implemented cooling rate. Steel 1 exhibits a
balanced behavior concerning its phase-transformation
temperatures with a slight upward trend toward the
decreasing cooling rates. A martensitic microstructure is
attained at cooling rates between 10 and 100 K/s, which
is confirmed both through hardness measurements and
metallographic analysis. At low cooling rates between 1
and 10 K/s, the microstructure contains both bainitic
and martensitic segments in variable proportions. The
Nb variant, steel 2, behaves differently. The martensite
transformation temperatures are slightly reduced for
steel 2 for all three process routes. At high cooling rates,
a full martensitic microstructure is attained. However,
the CCT diagrams (Figure 2) illustrate that, at low
cooling rates, the c to a transformation occurs at
elevated temperatures. These values are significantly
above the theoretical Ms (calculated from Reference 26)
and suggests, considering the reduced hardness values as
illustrated in Figure 1 that the ferritic and bainitic
phases are forming. Figure 3 presents the metallo-
graphic analyses of steels 1 and 2 quenched at 10 K/s.
Despite undergoing the same cooling conditions, steel 2
forms ferritic components after re-austenitization

Table II. Deformation Sequence Performed at a Deformation Dilatometer Bähr 805 A/D to Investigate the Influences of Two
Different FRTs on Hardenability

Deformation Step/Parameter 1 2 3 4 5

u (–) 0.25 0.25 0.15 0.15 0.1
_u (s�1) 10 10 10 10 10
FRT 1: T (�C) 1000 950 925 900 875
FRT 2: T (�C) 1075 1025 1000 975 950
t (s) 2.5 2 1.5 1.5 (3)
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(Figure 3(c)). After TMP with an FRT 875 �C, it
becomes fully martensitic (Figure 3(b)).

Figure 4 displays the corresponding phase transforma-
tions and the resulting hardness values and microstructures
of steel 3, dependent on the processing route. At medium
cooling rates, the phase transformations occur at analogical
temperatures for all three different processing routes.
Starting with a MS of ~ 400 �C at a cooling rate of 3 K/s
with a descending trend to values ofMS ~ 370 �C at 30K/s.
However, this trend is disrupted at low cooling rates. The
phase transformations are shifted toward the elevated
temperatures to values of MS ~ 484 �C (FRT 875 �C) and
~ 486 �C (FRT 950 �C) for a cooling rate of 1 K/s and to
MS~ 417 �C(FRT875 �C) and~ 403 �C(FRT950 �C) for
a cooling rate of 100 K/s, respectively. Nevertheless,
compared to steel 2, a fully martensitic microstructure is
reached down to cooling rates of 10 K/s. It is shown that an
increase in cooling rate above 10 K/s not necessarily
increases the hardness of the respective production route.

However, at cooling rates<10 K/s, also sections of bainitc
or even ferritic phases (quenched sample at cooling rate of 1
K/s) appear. Figure 5 reveals selected PAGs (a to c) and the
transformedmicrostructure (d to f) of steel 1 to3at a cooling
rate of 100 K/s. Processed with an FRT of 875 �C, steel 1
exhibits still a coarse and globular PAG structure
(Figure 5(a)). The corresponding transformed microstruc-
ture of steel 1 (Figure 5(d)) is by far coarser then the
counterpart of steel 2 (Figure 5(e)). After re-austenitization,
the PAGs of steel 2 and 3 very fine, as displayed in
Figure 5(b) and (c). The quantification of the dimensions of
the PAGs are listed in Table III. The size of the resulting a
substructures, such as ferritic grains, bainitic laths, and
martensitic blocks, are proportional to their originating
c-grains.[8,9,11] According to Table III, the finest grains are
achieved through TMP at a finish processing at 875 �C,
whereas, as aforementioned, steel 2 and 3 show a tendency
to produce the finest grains through re-austenitization at
930 �C (Figures 5(b) and (c)).

IV. DISCUSSION

In order to investigate the influence of the production
route on the hardenability of UHSS strength, three
steels with different alloying contents were subjected to
varying cooling rates after applying different

Fig. 1—Effect of FRTs on the hardenability of steels 1 to 3
compared to quenching after previous austenitization for 5 min at
930 �C. A decreased FRT delivers higher hardness values for all
steels. However, steel 3 exhibits a significant hardness decrease at
low cooling rates compared to the higher FRT and the Q-route. Top
graph: Nb retards the hardenability on the undeformed and simple
quenched samples. Middle graph: with the increasing Nb content,
higher hardness values are achieved at an FRT of 875 �C. Bottom
graph: Nb influencing the final hardness and retarding the c to a
transformation at low cooling rates at an FRT of 950 �C.

Fig. 2—Phase-transformation temperatures of steels 1 and 2
depending on cooling rates and processing route. Whereas MS and
MF are dependent on the chemical composition, the cooling rates
necessary for a complete martensite formation differ between the
processing routes. The Ms was calculated according to Ref. [26].
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compressions on a deformation dilatometer. The
dilatometer is a simple, yet, unique tool to bring
industrial-scale processes down to laboratory dimen-
sions. However, it cannot picture a whole rolling
scenario. Further, the given nominal strains are dis-
tributed unequally over the deformed sample. Never-
theless, these points were considered through
withdrawing both hardness and microstructural investi-
gations consequently only from the middle of the
deformed samples.

For all three steels investigated, the highest hardness
values were attained at an FRT of 875 �C, compared to
the samples compressed at an FRT of 950 �C and the
plain-quenched (after an austenitization of 5 minutes at
930 �C) processing route. The influence of the process-
ing route is less pronounced at steel 1. However, the steel
grades alloyed with Nb (steel 2 and 3) show a significant
increase in hardness when deformation is imposed prior
to quenching. This effect can be attributed to the
increased reduction in the nonrecrystallization regime,

as Nb shifts the TNR to higher temperatures and
promotes pancaking as demonstrated in Figure 6. This
is in accordance to literature.[2,6,8,14,16]

The comparison of the hardening behavior between
the three steels emphasizes the significance of micro-
alloying in combination with TMP concerning the
achievable strengths. While the gain in strength through
an addition of 0.04 pct Nb (steel 2) is only marginal
for a conventional hardening after re-austenitization
(+ 3 pct), TMP with subsequent DQ with 100 K/s gives
a hardness plus of 9 pct (FRT 875 �C) and 10 pct (FRT
950 �C) compared to the Nb free variant steel 1.
Furthermore, at lower cooling rates of <30 K/s, the
hardenability of steel 1 and 2 diverge clearly. Whereas
steel 1 possesses at a cooling rate of 1 K/s still
martensitic constituents, steel 2 consists mainly of
ferritic and bainitic components already at a cooling
rate of 30 K/s. The reported effect that Nb micro-alloy-
ing and deformation promotes bainite formation by
Kaijalainen et al.[16] is in accordance with the present
investigations. Moreover, it is shown that the acceler-
ated c to a transformation is further enhanced through
both, lowering the FRT in TMP and quenching after
re-austenitization, from which even ferritic components
emerge. This can be attributed to the much smaller
austenite grains after re-austenitization through the
addition of Nb in steel 2, in which the austenite grains
are pinned by precipitates prohibiting grain growth. A
decrease in the austenite grain size shifts the time–tem-
perature–transformation diagram to shorter times and
promotes a ferritic transformation.[36,37] Steel 3, how-
ever, is stronger alloyed with c-stabilizer and does not
exhibit this phenomenon. Whether Nb eliminates the
effect of the c to a transformation retarding elements in
a solved or precipitated condition, needs to be clarified
by TEM investigations. Nevertheless, the hardening
behavior of steel 3 already gives an indication to this
hypothesis. A surcharge of further alloying elements in
steel 3 with additions of V, Cu, Mo and Ni, does not
significantly increase the strength, but influence the
hardenability. After the TM processing at an elevated
FRT of 950 �C or after quenching from austenitization
at 930 �C, the hardness does not considerably decrease
after a low cooling rate of 1 K/s. Metallographic
investigations reveal both, martensitic and bainitic

Fig. 3—Microstructures of samples cooled at 10 K/s: (a) steel 1 after re-austenitization and quenching, steel 2 after (b) TMP with an FRT of
875 �C, and (c) quenching after re-austenitization. The microstructure of steel 1 is slightly coarsened compared to the Nb variant. Direct
quenching of steel 2 with 10 K/s creates a martensitic microstructure, whereas from the quenching route, ferritic segments arise.

Fig. 4—Phase-transformation temperatures of steel 3. Effects of
cooling rates and FRTs compared to plain quenching (Q) on the
martensite start (MS) and finish temperatures (MF). The
corresponding hardness values obtained after applying the different
cooling rates are in correspondence with the obtained
microstructures.
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microstructures. The decreased hardness after process-
ing with an FRT of 875 �C would lead to the assump-
tion that Nb is fully precipitated, whereas regarding the
other processing routes, Nb might be still remaining in
solution, and thus, according to the hardness values
retards in a dissolved state the formation of ferrite.
However, SEM investigations showed that the decreased
hardness can be attributed to the size of the precipitated
NbC as can be seen in Figure 7. As investigated by
Maugis et al.,[38] NbC particles become incoherent when
they exceed a size of 5 nm. Regarding the dimensions of
the particles found in the SEM examinations, which are
significantly larger than 5 nm, Orowan’s theory of
precipitation hardening[39] can be applied. However, the
sizes of the NbC precipitates that emerged at an FRT of
875 �C (Figure 7(b)) are too large to contribute to reach
sufficient precipitation hardening.[40] Similar phe-
nomenon was observed by Klinkenberg et al.[41] In
contrast, the small sizes of the NbC particles at an FRT
of 950 �C and after re-austenitization at 930 �C possess
the ability to achieve a high hardness at a low cooling
rate of 1 K/s. It can be assumed that those alloying
elements in steel 3 (Cr, Ni, and Mo and foremost the

MAE V which is a very strong carbide former) promote
precipitation of Nb and stabilizes it as NbC, under
which condition it has no influence on the hardenability
itself. On the contrary, Nb, which in steel 2 remains still
solved in the matrix, stimulates bainite and ferrite.
Due to the fact that the size of the microstructural

components contributes to the strength according to the
Hall–Petch relation, the attainable microstructures and
substructures were assessed through Nital and picric
acid etchants. Regardless of the cooling rate, steel 1
exhibits a very coarse microstructure (Figures 3(a) and
5(a) and (d)) due to the dispensing of MAE which
prohibits accelerated grain growth through the

Fig. 5—Prior austenite grains (a through c) and transformed microstructures (d through f) of steels 1 to 3, at a cooling rate of 100 K/s. Despite
a low FRT, the microstructure of steel 1 (a+ d) is coarse and globular. Steels 2 (b) and 3 (c) clearly refine through re-austenitization. Steel 2
possesses a very fine lath structure after an FRT of 875 �C (e). Due to the described proportionality, the substructure originating from the PAG
(c) of steel 3 is refined too (f).

Fig. 6—PAGs of steel 3 processed at an FRT of 975 �C. The highly
pancake-shaped c grains explain the increased hardness over steel 1.

Table III. Grain Sizes of the Prior Austenite Grains
Achieved Through Different Processing Routes

Steel/
Process

Q 930 �C
(lm)

FRT 875 �C
(lm)

FRT 950 �C
(lm)

1 26.7 11.2 21.8
2 8.9 9.0 13.0
3 8.1 21.3 11.7
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formation of carbides and a low solute drag. In contrast,
the micro-alloyed variants, steels 2 and 3, reached the
smallest grain sizes, whereby their dimensions differ

depending on the process route. In accordance with
literature, the lower the reduction below the FRT is, the
finer the microstructure becomes. Steel 3, however,
further refines after re-austenitization (Figure 5(c)). This
refining can be attributed to the combination of a highly
deformed austenite prior to quenching (Figure 6), which
recrystallizes during reheating in the c-region reducing
the grain boundary energy. Furthermore, precipitated
carbides inhibit an augmented grain growth.
The MS and MF temperatures are dependent on the

chemical composition[20,36,42] and as reported by several
authors on the PAG size.[36,43,44] As Figure 2 demon-
strates, MS and MF are independent of the processing
routes for steel 1 and 2. At slow cooling rates,
transformation starts at higher temperatures due to the
formation of ferritic or bainitic phases. Dilatation data
do not allow a precise identification of the originating
phase through blurring boundaries. However,
microstructural analysis provided the proof with respect
to the existence of martensitic, bainitic, and ferritic
phases. Nevertheless, for steel 3, the MS and MF

temperatures differ clearly from each other depending
on the different process routes and the cooling rates
(Figure 3). At the highest cooling rate of 100 K/s, both
TM-processed steels start their martensitic transforma-
tion clearly above the calculated MS of 391 �C,[26]

whereas the quenched steel is delayed in its transforma-
tion, yet reachesMF very close just belowMS (Figure 8).
This could lead to the assumption that in a TM-de-
formed state, the martensite transformation is acceler-
ated, which, however, needs further undercooling for a
complete conversion, whereas in a plain austenitized
state, the full martensitic transformation is accom-
plished with less undercooling. Due to the fact that a
decrease in the PAG size leads to an elevatedMS,

[36,43–45]

the MS of the re-austenitized and quenched sample is
expected to be above the TM-processed sample, as the
determined microstructural dimensions for steel 3 are
significantly smaller after re-austenitization. However, it
is reported that a high deformation of the austenite as it
is performed during TMP triggers the MS to elevate to
higher temperatures.[16] This argument is supported by
the observation that increasing the reduction in the
nonrecrystallization regime with lowering of the FRT
from 950 �C to 875 �C further elevates the MS to higher
temperatures (Figure 8). On the contrary, re-austeniti-
zation releases these deformations by recrystallization.
This leads to the assumption that the effect of elevating
MS through a highly deformed austenite dominates over
the increased MS through a finer austenite grain.
However, this phenomenon only occurs at very high
cooling rates and thus leaves room for a more in-depth
investigation concerning this hypothesis.

V. CONCLUSIONS

The aim of this investigation was to study the
influences of Nb and different process routes on the
achievable hardness and hardenability of ultra-high
strength steels. The main findings and conclusions are
summarized in the following:

Fig. 7—SEM images of Nb carbides in steel 3 under different
processing conditions with a cooling rate of 1 K/s: (a) Undeformed
and quenched from 930 �C: NbC particles have a size range from
100 to 120 nm. (b) Processed with an FRT of 875 �C: NbC particles
emerge with a size in the range from 2 to 3 lm.

Fig. 8—Dilatation curves of steel 3 cooled at 100 K/s. The MS

temperatures of the TM-processed samples differ clearly from the
re-austenitized and quenched samples.

METALLURGICAL AND MATERIALS TRANSACTIONS A



1. TM processing with subsequent direct quenching
increases the strength significantly compared to
conventional quenching after re-austenitization.
The finish rolling temperature plays a major role
during TMP: decreasing the FRT leads to a further
strength gain.

2. Further hardness increase is observed by additions
of Nb. However, investigations showed that the
addition of Nb leads to an expedited formation of
bainite and ferrite. This is explained by a grain
refinement after re-austenitization resulting in an
accelerated c to a transformation, shifting the time
transformations curves to shorter times. Finer
grains additionally elevate the MS temperature.

3. Increasing the reduction in the nonrecrystallizing
austenite regime elevates the MS temperature. This
effect dominates over an accelerated formation of
martensite due to smaller austenitic grain sizes.
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Influence of V and Nb Micro-Alloying on Direct
Quenched and Tempered Ultra-High Strength Steels

Raphael Esterl,* Markus Sonnleitner, Boris Gschöpf, and Ronald Schnitzer

The construction of mobile crane booms requires the usage of ultra-high

strength steels. Micro-alloying elements promote grain refinement during hot

rolling and result in increased toughness. The relevant strength is given

through a martensitic microstructure, which is accomplished by elements

retarding the γ to α transformation. Direct quenching (DQ) from the rolling

heat and quenching after a preceding re-austenitization (RQ) are two different

production routes. They differ regarding their productivity, their achievable

strength levels, and their resulting microstructures. In order to explore the

influence of the production route in combination with prominent micro-alloying

elements, which come to application during hot-rolling, six steels with varying

content of V and Nb are investigated concerning their different properties after

DQ and RQ as well as their behavior after tempering. It is found, that Nb

strongly improves the strength after thermomechanical processing in the as-

rolled condition. Furthermore, Nb compensates the loss of strength during

tempering. This effect is not thoroughly discussed in literature so far. Although

Nb leads to grain refining during re-austenitization, the effects on the strength

of RQ steels are minimal. The effect after tempering is also weaker than after

direct quenching. It is also shown, that V offers a high strength potential after

tempering, however weakens the impact toughness significantly.

1. Introduction

Steels with a yield strength above 1100MPa are necessary to
optimize the payload-to-weight ratio for the design of advanced
mobile crane booms.Ultra-high strength steels (UHSS)meet these
extreme strength requirements and simultaneously offer good

ductility and thus excellent notch impact
values.[1,2] For the production of UHSS, two
processing routes are facing each other: the
conventional route consists of quenching (Q)
after re-austenitization followed by a temper-
ing (T) process to relax the residual stresses of
the martensite,[3] and the thermomechanical
(TM) route, inwhichquenching isperformed
directly after hot-rolling (DQ). The globula-
rization of the prior austenite grain (PAG)
accomplished by normalization and reheat-
ing to the γ-region offers the advantage of an
isotropic microstructure.[4–6] TM processing
of UHSS represents the alternative route,
offering an economic benefit by avoiding a
supplementary reheating step. Furthermore,
the production via TM can provide an
additional strength contribution through
direct quenching from the rolling heat.[1,7–9]

This additional asset in strength, accom-
plished through a strongly deformed non-
recrystallizing austenite, offers the benefit
over QþT steels, that for a given strength,
alloyingelements canbe reduced. In turn, the
waiver ofmainly carbonhas a favorable effect
on the weldability.[10–13] Prominent micro-

alloying elements (MAE) which come to application are Ti, Nb,
andV,which increase thenon-recrystallization temperature (TNR) in
dissolved condition andby formation of strain-inducedprecipitates.
Consequently, they promote an elevated number of nucleation sites
for the subsequentγ toα transformation throughahighly deformed
austenite grain.[14–17] For QþT steels, they also serve as grain
refiners during hot rolling and promote additional refinement
during re-austenitization. Furthermore, the emerging precipita-
tions possess a significant strength contribution, which compen-
sates the loss of strength during tempering.[18–20]

The influence of several MAE during hot-rolling has been
broadly investigated.[14,16,19,21–24] Moreover, the role of process-
ing conditions such as the finish-rolling temperature (FRT) is
considered to be also well explored.[25–29]However, there is a lack
of information on the combined effect of the processing route
and MAE on the final mechanical properties. Particularly, the
influence of MAE on a tempering treatment, in which it is
distinguished between DQ and re-austenitization and quench-
ing is an open scientific and technological field. The present
work is therefore intended to cover the microstructural
development, including the resulting grain sizes, depending
on the process conditions, and the type and content of MAE.
These investigations are supported by the mathematical
description of the underlying microstructural processes through
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the calculation of the activation energy EA for dynamic
recrystallization (DRX) via the Zener-Hollomon parameter.[30,31]

Finally, the present work should stretch the bow between the
microstructural and mechanical anisotropy. It will be estab-
lished, whether a correlation between an elongated austenitic
grain and the anisotropy in the mechanical properties between
the longitudinal and transversal direction exists. For this matter,
six steels with varying contents of Nb and V, processed via TMare
investigated and compared to the conventional RQ-route.
Mechanical properties were determined for the longitudinal
and transversal direction in the as-rolled condition and after
tempering. In addition, two different FRTwere performed in the
DQ route. Thereby it should be established, whether an
increasing grain elongation, which is accompanied with a
decreasing rolling temperature influences the mechanical
anisotropy.

2. Experimental Section

2.1. Materials and Processing

The six steels tested were melted in an induction furnace in
quantities of 300 kg each and their chemical composition is
listed in Table 1. Based on the basic composition of steel 1, which
represents a UHS steel, successive additions of Nb and V were
applied. Besides the carbon content �0.17%, the base alloy
contains �0.2% Si, �2.3% Mn, and �0.002% B to guarantee a
through-hardening during quenching. Further surcharges of Cr
and Cu control temper resistance,[32,33] Al and Ti are responsible
for grain refinement and additional strength increase.[14,15,34,35]

The variants of steel 1 possess additions of Nb of 0.02%
and 0.04%, respectively. The second base alloy, contains an
elevated amount of Cr (0.7%), which increases hardenability and
enhances temper resistance.[33] In addition, Cr acts as grain
refiner,[36] whereas its influence on recrystallization during hot
rolling is negligible.[37] The modifications of base alloy 2 are
alloyed with amounts of �0.1% and �0.2% V to compare the
microstructural processes during hot rolling and after tempering
to the Nb variants of base alloy 1.

After solution-annealing of 15min at 1220 �C, the steels were
rolled in a hot-rolling simulation unit in nine passes with a
φtot¼ 2.3 from 55 to 6mm thick plates with a length of
2.000mm. Each alloy was rolled with two different rolling
schemes in order to achieve two different FRT of 1) 850 �C and
2) 930 �C. The plates were immediately water quenched after
leaving the runout table and are hereinafter referred to as DQ850

and DQ930. A tempering treatment was performed on samples
of each alloy for 5min at 600 �C. Additionally, sheets of each alloy
were quenched after re-austenitization at 930 �C for 5min (in the
following listed as “RQ”) and compared to others tempered after
quenching (RQþT). Thus, in sum six different conditions of
each alloy were tested: two different FRTs in an as-rolled and
tempered condition, as well as a RQ and a RQþTcondition. An
overview of the processing cycles and conditions and the used
nomenclature is given in Table 2.

Tensile tests were performed according to DIN EN ISO
6892–1 on flat tensile specimens in longitudinal and transversal
direction of the rolled plates of each condition. The notch impact
tests at 0,�20, and�40 �Cwere performed according to DIN EN
ISO 148–1 on 6mm thick specimens and the obtained notch
impact work was standardly converted to 10� 10mm full-sized
samples by linear upscaling. In order to exclude possible
outliers in the tests, tensile tests were applied twice in each
direction and for impact tests three samples of each condition
were tested. Error bars were indicated in the diagrams only in
case of larger deviations, otherwise avoided for the sake of better
clarity.

2.2. Determination of the Activation Energy and

Non-Recrystallization Temperature

To derive the activation energy for dynamic recrystallization and
describe the yield stress in terms of temperature and strain rate,
the Zener-Hollomon parameter was determined for the selected
steels. For the experiments, which were conducted on a
deformation Dilatometer Baḧr 805 A/D, cylindrical samples
with a diameter of 6.0mmand a length of 10mmweremachined
from the milled plates with a wire-electro discharge machine.
The deformation procedure of the six investigated steels involved

Table 1. Chemical composition of the six steels investigated.

Base alloy Variation C Si Mn Al Cr Cu V Nb Ti B

1

0.167 0.20 2.38 0.049 0.280 0.089 0.005 <0.002 0.021 0.0025

Nbþ 0.173 0.19 2.36 0.043 0.280 0.079 0.005 0.021 0.020 0.0024

Nbþþ 0.175 0.20 2.37 0.041 0.280 0.089 0.005 0.040 0.020 0.0026

2

0.169 0.20 2.30 0.057 0.710 0.078 0.005 <0.002 0.021 0.0024

Vþ 0.170 0.21 2.30 0.053 0.700 0.078 0.097 <0.002 0.021 0.0026

Vþþ 0.179 0.22 2.29 0.049 0.700 0.081 0.194 0.002 0.021 0.0026

Table 2. Overview of the processing cycles and conditions and the

used nomenclature.

Direct quenched Re-austenitized and quenched

Processing cycles FRT¼ 850 �C FRT¼ 930 �C 930 �C 5 min–i

As-rolled DQ850 DQ930 RQ

Tempered DQ850þ T DQ930þ T RQþ T

FRT¼finish rolling temperature.
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solution annealing at 1250 �C and subsequent forming at 850,
900, 950, 1000, and 1050 �C, respectively, at four different strain
rates φ¼ 0.01, 0.1, 1.0, and 10 s�1. The peak strain of the flow
stress curves was used for the calculation of the activation energy
and the Zener-Hollomon parameter according to refs. [30,31]. For
the calculation of TNR, which is dependent on the chemical
composition, the mathematical model described by Boratto[24]

was applied.

2.3. Sample Preparation for Metallographic Analysis

To study the microstructure dependent on the processing route
andMAE, specimens of the hot rolled sheets were hot embedded
and then ground from 320 grit to 4.000 grit SiC paper for at least
30 s. Subsequently, the samples were polished with 3mm
diamond paste for at least 3min and with 1mm for 30 s. To
reveal the PAGs, the samples were etched with a picric-acid
etchant. The composition and procedure is described in ref. [38].
To reveal the transformed martensitic microstructure, the
samples were dipped in a Nital etchant. The images were
recorded with an optical microscope and a FIB Versa FEI 3D
DualBeam scanning electron microscope (SEM). For the
metallographic analysis of the PAGs, the equivalent grain
diameters and the aspect ratio of the PAGswere determined with
the image analysis software MIPARTM.[39] Since the temper
treatment has no influence on the PAGs, only those samples
were examined due to a favorable impact of the etchant on the
tempered specimens.[38]

3. Results

3.1. Microstructural Analysis

Light-optical microscopy and SEM investigations of the trans-
formed microstructure revealed a mainly martensitic micro-
structure with small bainitic sections as depicted in Figure 1. The
samples, which were directly quenched from the rolling heat
(DQ850) showed martensitic blocks, which are orientated in 45�

toward the rolling direction (Figure 1a). These laths and blocks
emerge from the highly pancaked γ grain, as Figure 2a reveals on
a tempered sample of Base alloy 1 Nbþþ. After re-austenitiza-
tion, the PAGs develop a globular shape (Figure 1c), the blocks
are not arranged in a preferential orientation and rather
randomly organized. After T, carbides emerge from the
supersaturated α-grains.

The analysis of the PAGs, which were revealed with a picric-
acid etchant, illustrates the influence of the processing route and
the content of MAE. As expected, the lower FRT of 850 �C leads
to an increased aspect ratio compared to the FRT of 930 �C as
demonstrated by Figure 2. Already small additions of Nb
strongly promote the pancaking of the PAGs, however, this effect
seems to be effective only at lower final rolling temperatures.
Further additions of Nb lead to grain refinement. This can be
observed as well after re-austenitization. The influence of the Cr
surcharge to base alloy 2 seems negligible concerning the
microstructural appearance. Cr has no influence in retarding
recrystallization, the aspect ratio and mean grain size of base

alloy coincides with base alloy 1, however with increasing V, the
aspect ratio increases slightly but not in the same extent as
through Nb. The light-optical images of the steels investigated,

Figure 1. Transformed microstructure etched with a Nital etchant and

revealed with light-optical microscopy (aþ b) and SEM (c). a) The laths

and blocks of base alloy 1 with Nbþþ are orientated in 45� toward the

rolling direction after DQ with a FRT 850 �C. b) After tempering, it can be

observed that these blocks origin from the highly pancaked γ grain in 45 �.

c) After RQ, the microstructure is randomly arranged with no specific

orientation toward the RD, furthermore carbides emerge after T.
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are displayed in Figure 3, and compare the TM route, processed
with a FRT of 850 �C (a–c) to the condition after re-
austenitization (d–f). The PAGs of base-alloy 1 are almost
equiaxed in the DQ850 condition (Figure 3a). Niobium promotes
immensely the pancaking of the γ-grains (Figure 3b), the effect

of Vanadium however is less pronounced (Figure 3c). Re-
austenitization delivers equiaxed grains as the light optical
images (Figure 3d–f) reveal. RQ of base alloy 1 leads to the same
mean grain size (Figure 3d), yet, globularized PAGs. Nb
(Figure 3e) and V (Figure 3f) both act as grain refiner after
re-austenitization. Nevertheless, Nb refines the grains in every
processing route significantly. The influence of V general, the
influence of the FRT on the mean prior austenite grain size
cannot be determined with certainty, yet, re-austenitization
clearly refines the γ-grains (Figure 3d–f).

3.2. Mechanical Properties

The ultimate tensile strength (UTS) values are displayed in
Figure 4 for the different compositions investigated. Regarding
the strength values of the steels in the as-rolled condition, the
DQ variants with a FRT of 850 �C are clearly above those of the
DQ variant with a FRT of 930 �C (60–70MPa) and as well above
the RQ samples (30–100MPa). Base alloy 2, which is alloyed with
0.7% Cr, possesses compared to the low-Cr variant (base alloy 1)
in the as-rolled condition less strength. The surcharge of Cr
however leads to a slight increase in strength when tempered.
The effect of the alloying elements Nb and V becomes evident in
TM processing route, whereas no influence is visible in the RQ
condition. Processed with a FRT of 850 �C, 0.02% Nb increase
the UTS by an amount of 49MPa and at a FRT of 930 �C by
42MPa. The strength increase however saturates, which is
visible in the weaker strength increase with double the amount
of Nb. The same effect can be observed when alloying with V.
However, the strength contribution of 0.1% V is less pronounced
than the one of Nb, although V is alloyed with fivefold the

Figure 2. Prior austenite grain sizes and aspect ratio of the investigated

steels depending on the processing route and the FRT. A lower FRT

promotes pancaking of the PAGs. Even small additions of Nb noticeably

increase the elongation, whereas V has little influence. Further, Nb

decreases the mean grain sizes.

Figure 3. Light-optical images of the steels investigated, processed with a FRT of 850 �C (a–c) and after re-austenitization (d–f). a) Base-alloy 1 exhibits

almost equiaxed PAGs, b) alloyed with Nb, the aspect ratio rises significantly. c) The influence of V in base alloy 2 on the aspect ratio is less pronounced

as through Nb. d) RQ of base alloy 1 leads to the same mean grain size, yet, globularized PAGs. e) Nb and f) V both act as grain refiner after

re-austenitization, the effect of Vanadium however is less pronounced.
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quantity. Even more pronounced is the strength contribution of
Nb and V after tempering. 0.02% Nb achieve an additional
strength of�100MPa of the TM rolled steels, and�50MPa after
tempering the RQ steel. V counteracts even stronger with a
strength contribution of�130MPa by the addition of 0.1% Vand
with �200MPa by the addition of 0.2% V. Nevertheless, the
effect of both, Nb and V alloying, seems to saturate after
tempering too.

Figure 5 exhibits the impact toughness for the as-rolled
conditions (left) and the tempered state (right) for the 6 steels
investigated at 0 �C (upper graphs), �20 �C (middle), and
�40 �C (bottom part). The DQ variants with a FRTof 850 �C and
the RQ variants possess the best toughness values followed by
the TM processed variants with a FRT of 930 �C. The micro-
alloying with Nb and V has no significant influence on the
impact toughness values of the as-rolled specimens at 0 and
�20 �C. Yet, at �40 �C,V seems to deteriorate the notch impact
values considerably. As expected, tempering generally improves

the toughness, but when comparing the variants clear differ-
ences appear. The RQ variants show slight advantages over the
DQ variants. Nb and Cr exhibit no significant improvement,
however, Vanadium decreases the toughness after tempering
noticeably.

In order to evaluate the influence of the processing route
(DQ and RQ) on the mechanical properties in longitudinal and
transversal direction, the comparison of the notch impact test
results is useful. Microstructural variations affect Charpy
impact tests (Figure 5) more than tensile tests (Figure 4). The
differences of the impact test results of the longitudinal and
transversal direction at 0, �20, and �40 �C can be found in
Figure 6. Comparing both TM routes, the higher FRT of
930 �C (gray bars) possesses an improved isotropy as the FRTof
850 �C (black bars). This can be identified at all three
temperatures. However, RQ does not show an optimization
of the mechanical isotropy (red bars), especially at 0 and
�20 �C, despite having globular PAGs. For all process routes an
improvement is accomplished through tempering (dashed
bars). For the Vanadium alloyed variants, the anisotropy even
seems to be eliminated completely. However, as can be seen in
Figure 5, the impact toughness decreases considerably after
tempering for variant 4 and 5. Also the decrease in anisotropy
with decreasing test temperatures can be related to the
fundamental deterioration of the notch impact values at lower
temperatures. Nb exhibits no comprehensive influence in
modifying the longitudinal–transversal isotropy of the TM
rolled variants. Nevertheless, all surcharges to base alloy 1,
Nb, V, and Cr reveals benefits concerning the isotropy of the RQ
samples.

3.3. Flow Stress Behavior and Activation Energy for

Dynamic Recrystallization

For the evaluation of the recrystallization behavior and the
influence of V and Nb on the activation energy for the dynamic
recrystallization (DRX), dilatometer experiments were per-
formed with deformation temperatures between 850 and
1050 �C, at strain rates of 0.01, 0.1, 1.0, and 10 s�1. Figure 7
shows the corresponding true stress–strain curves at a strain rate
of φ¼ 1.0 for the five temperatures. For the sake of a better
clarity, only the base alloys (black and gray curves) and their
corresponding “high” alloy variants (Nbþþ: blue dashed line
and Vþþ: red dashed line) are plotted. The flow stress increases
significantly with decreasing deformation temperatures, the
kf max increases from�130MPa at 1050 �C to 300MPa at 850 �C.
At both 850 and 1050 �C, only a small effect of V and Nb can be
observed with a slightly elevated flow stress compared to base
alloy 1 and 2, which behave almost congruent regarding their
flow stress behavior. However, at the temperatures between 900
and 1000 �C, the effect of the MAE becomes evident. At 1000 �C,
the Nbþþ variant is clearly elevated above the others and
maintains the level of flow stress, while the other curves show a
decrease at high strains. The decline of the curve of the V variant
is also decelerated. This effect is repeated at 950 �C, where the
curve of Nb clearly stands out and shows no significant decrease.
Also at 900 �C the Nbþþ steel has elevated flow stress behavior,

Figure 4. UTS values of the investigated steels, both in hardened and

tempered condition for the DQ and Q variants. A lower FRT results in

higher strength. In as-rolled condition, micro-alloying elements have no

significant influence on the strength of the RQ variants, however, V and

Nb result in strength increase after tempering. This effect is even more

pronounced for the DQ cycles.
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whereas the Vþþ variant enqueuers in the behavior of base
alloy 1 and 2.

Figure 8 shows the activation energy for DRX and the TNR,
which were calculated based on the Boratto model.[24] Nb
possesses the biggest influence on EA, already 0.02wt% increase
the activation energy for 38 kJmol�1K�1. Cr has no impact on
the activation energy, the effect of V is less pronounced
compared to Nb, a relatively high amount of 0.2wt%V rise EA
only for 18 kJmol�1K�1.

4. Discussion

In order to examine the influence of the production route in
combination with MAE, six steels with varying contents of V and
Nb were rolled in a hot-mill simulation unit with two different
FRT of 850 and 930 �C, respectively. To evaluate differences
between TM rolling with subsequent quenching and quenching
after re-austenitization, the six different steels were additionally
subjected to a conventional quenching after reheating to
930 �C for 5min. The mechanical properties of the as-rolled
plates were compared to tempered specimens to study the role of
the production route and MAE on their behavior after
tempering. TM processing with a low FRT results in improved
UTS (Figure 4). The increasing deformation in the non-
recrystallization regime and pancaking of the γ-grains (Figure 3)
at lower FRT leads to refinement of lath and block size[40,41]

which contributes to the strengthening. DQ with an elevated
FRT and RQ possess comparable strength values, despite both
processes result in different PAG sizes. The strength increase

Figure 5. Comparison of the impact toughness at 0,�20, and�40 �C of the TM rolled and the re-austenitized steels in the as-rolled condition (left) and

in a tempered condition (right). The toughness of base alloy 1 and its variants increases significantly through tempering. Base alloy 2 as well shows an

addition in toughness through tempering, yet, alloyed with V, the toughness diminishes considerably through tempering.

Figure 6. Differences of Charpy impact toughness between longitudinal

and transverse direction for the 6 steels investigated, depending on their

processing route. Re-austenitization has no influence on the mechanical

isotropy. However, a high FRT and tempering after quenching slightly

reduces the differences between the longitudinal and transversal direction.
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resulting from a subsequent quenching from the rolling heat
compensates the strength improvement through grain refining
after re-austenitization of the RQ probes so that similar strength
values emerge. Comparing DQ930 and RQ, the mechanical
properties of the TM rolled and direct-quenched route shows
benefits, when alloyed with Nb. An elevation of TNR promotes an
increased deformation in the non-recrystallization regime
(Figure 8), so that even the higher FRT profits from a certain
TM contribution, as the last rolling steps are already below TNR.

This profit is expressed by the aforementioned refinement. The
effect of Von the TNR, which includes the influence on the EA for
DRX, is very weak (Figure 8). This is reflected in the reduced
pancaking (Figure 1, 2) and thus in the quasi non-existent TM-
contribution to the DQ route. In Figure 9, the strength
contribution of V and Nb is summarized as a function of the
alloying content and contrasts the influence of the MAE on
the strength in the as-rolled condition and after tempering. The
strength potential of V is reached after tempering and is
attributable to the precipitation of VC and V4C3 and substitution
of cementite carbides.[3,14,42] As in Figure 9 visible, the higher
FRT even gains more strength through T, then the counterpart

Figure 7. True stress–strain curves of base alloy 1 and 2 and its variants.

At 1050 �C Nb and V have no effect on the flow stress, at 950 and

1000 �C Nb significantly increases flow stress and prohibits DRX, the

effect of V is less pronounced. At 850 �C very little DRX appears, the yield

stress curves of the individual alloys are almost congruent.

Figure 8. Activation energy EA and the non-recrystallization temperature

TNR, calculated based on the Boratto model.[24] Nb increases EA
significantly, whereas V exhibits only little effect. Same trend can be

observed regarding their role on the TNR.

Figure 9. Strength contribution of Nb and V. The effect of V for strength

improvement during TM rolling is very small (dashed lines), and even

negative if re-austenitized. However, during tempering it significantly

increases the UTS by 200MPa (dotted lines). Nb has no effect as

strengthener after re-austenitization and Q, however, delivers a plus of

>50MPa after tempering. During TM processing (DQ850, DQ930), little

amounts of Nb already contribute to a strengthening. After tempering,

again the effect is even more pronounced.
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with the lower FRTor the RQ variant, respectively. It is assumed,
that V carbides, which are responsible for the strength
improvement are precipitated in a higher amount at lower
rolling temperatures of 850 then at 930 �C, where a sufficient
portion is still available for an improved strength gain during
tempering. Despite the improvement of strength, Vanadium
shows a negative effect on the impact toughness after tempering.
This effect is portrayed by Figure 10, which contrasts the
elongation at fracture and the notch impact toughness at 0 �C to
the ultimate tensile strength. During tempering, the strength
decreases in favor of the elongation at fracture. Although,
the V variants follow this well-known trend concerning their
elongation values, the impact values deteriorate significantly,
whereas the other variants are improved concerning their impact
toughness. This effect can be deduced to the embrittlement
through vanadium carbides.[43,44]

Regarding the Charpy impact values in the as-rolled
condition, neither V nor Nb result in a significant improve-
ment or deterioration (Figure 5). However, the TM rolled plates
with a FRT of 930 �C are generally lower. The DQ850 samples
possess surprisingly similar values as the RQ variants,
although their strength is remarkably higher. At �40 �C, the
values of the DQ850 probes are even above those produced via

RQ. This can be attributed to the aforementioned refinement
of lath and blocks through the increased pancaking: the
resulting grain refinement offers enhanced strength and
toughness and shifts the ductile-to-brittle temperature to lower
temperatures.[14,33,45,46]

The comparison of the PAG aspect ratio to the Charpy impact
toughness in longitudinal and transversal direction did not deliver
a clear correlation. Although the reduced pancaking through an
elevated FRT inDQ930 exhibits an improved isotropy of the notch
impact values compared to DQ850, a globularization of the PAGs
through re-austenitization (RQ) deteriorates the anisotropy again.
The orientation of the martensitic blocks, which are arranged in
45� toward theRD(Figure1a,b) andoriginate fromthepancakedγ
grain in an angle of 45�,[47]obviously play no significant role on the
anisotropy either. The longitudinal–transversal differences of RQ,
in which the martensitic components are aligned randomly are
even higher compared to DQ. Increasing the pancaking through
Nb has no obvious effect on the anisotropy. However, annealing
after quenching seems to enhance those differences. As proposed
by Kaijalainen et al.[40,48,49] rolling textures, which are dependent
on the FRTare responsible for unfavorable bending properties.[50]

These preferred orientations cannot be eliminated by quenching
or normalizing and thus can be an explanation for the remaining
anisotropy. However, further investigations are necessary to
provide information on this matter.

Investigations on the flow stress behavior and the DRX have
confirmed the different roles of Nb and V micro-alloying.
Nb comes already to affect at relatively high temperatures
(>1000 �C), and retards the recrystallization with very small
additions (0.02 m%) through the formation of carbides.[14] These
observations are visible in the flow stress curves (Figure 7).
Although Vanadium is a strong carbide former, the high
solubility product compared to Ti and Nb[51] and the low solute
drag[52] attribute V only a weak effect in retarding recrystalliza-
tion. As visible in Figure 8, even large amounts of vanadium,
which exceed conventional micro-alloying contents, have just
little effect on the DRX. These calculations are supported by the
similar trend of TNR dependent on DRX (Figure 8).

5. Summary

In order to explore the influence of the production route in
combination with micro-alloying elements, six steels with
varying content of V and Nb were investigated in their as-rolled
and tempered condition. Their mechanical properties after
direct quenching and quenching after re-austenitization were
examined. The main findings are summarized in the following:

1) Nb is confirmed in its important role in retarding
recrystallization. However, its strong impact on the improve-
ment of mechanical properties after tempering is unattended
till now. It counteracts in compensating the softening during
tempering. This effect is enhanced by a previous TM rolling.

2) Vanadium has a negligible effect on the mechanical
properties of both DQ and RQ steels in the as-rolled
condition, as it is not capable in retarding recrystallization
considerably. However, it manifests its effect after tempering,
0.1 m% of V lead to an additional strength of 130MPa after
tempering. Despite of the positive effect on UTS, Vanadium

Figure 10. Elongation at fracture and notch impact toughness at

0 �C versus UTS. During tempering, the strength decreases in favor of

the elongation at fracture. This trend is expected for the impact toughness

too, however as alloyed with Vanadium, the toughness decreases

significantly after tempering.
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alloyed steels suffer from embrittlement after tempering,
followed by a deterioration of the impact toughness. Positive
effects of Cr on the temper resistance were not observed.

3) Re-austenitization previous to quenching does not improve
the longitudinal–transversal anisotropy despite of a globular
PAG. In contradiction, a reduced pancaking through a higher
FRT results in an improvement of this anisotropy.
Nevertheless, higher FRT have a negative effect on UTS
and Charpy impact toughness.
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Abstract: 

Direct quenching of thermomechanical processed low-carbon steels is a preferred production route to 

increase strength and toughness of ultra-high strength steels and thus enhance the payload to weight 

ratio e.g. of mobile cranes. However, during hot rolling, certain crystallographic textures emerge, which 

can generate unfavorable mechanical propert ies or mechanical anisotropy. In order to investigate the 

role of the processing route and the effect of micro-alloying elements on the texture formation and its 

relationship to differences between different testing directions, four different ultra-high strength steels 

were subjected to various quenching procedures. It was found, that despite of a globularization of the 

prior austenite grain after re-austenit ization, differences in the longitudinal and transversal direct ion 

remain. The extinct ion of a rolling texture after re-austenit ization is dependent on the austenit ization 

condit ion and the addit ion of micro-alloying elements. Especially Nb promotes the formation of rolling 

texture components and prevents the extinct ion thereof even through intense austenit ization 

treatments. However, remaining preferred orientations exhibit only lit t le influence on the anisotropy of 

the mechanical propert ies.  

1. Introduction 

For the production of mobile crane booms, ultra-high strength steels (UHSS) are in application to provide 

an optimized payload-to weight ratio [1 3]. The strength is accomplished by a grain refinement by means 

of a systematic combination of micro-alloying elements (MAE) and process parameters. This includes 

as well a targeted temperature control during hot rolling [4 6]. A martensit ic microstructure, achieved 

through a subsequent quenching delivers a yield strength (YS) up to 1500 MPa [1,3,7 9]. The fine grained 

microstructure not only meets highest strength requirements but also guarantees proficient toughness 

[3,10]. UHSS produced via thermomechanical processing (TMP) have widely substituted steels, which are 



2 

 

fabricated through the conventional re-austenit ization and quenching (RQ) route. High deformation 

rates in the non-recrystallizing austenite region provide enhanced refinement during the following γ to 

α  transformation, thus offering further benefits in strength and toughness [1,4,6,11].  

The influence of the processing route on the mechanical propert ies has been broadly investigated 

[1,5,9,10,12 16]. So exists not only a proport ional correlation between the dimension of the austenite grain 

prior to the martensit ic transformation and to the emerging substructure such as blocks and packets[17

19]. Furthermore, increased reduction in the non-recrystallizat ion region promotes the austenite 

pancaking and thus a finer microstructure during γ to α  transformation [1,20 22]. These effects are 

exploited in steel production to optimize the mechanical propert ies. Nevertheless, it  is also known that 

after hot rolling certain features remain in the microstructure, which result in an anisotropy of the 

mechanical propert ies [23]. On the one hand, non-metallic inclusions lead to insoluble inclusion ligaments 

during rolling and thus affect differences in the longitudinal (L) and transversal (T) direct ions [23,24]. 

However, process optimizations in the secondary metallurgy are nowadays capable to limit these 

disadvantages through an adjustment of the inclusion structure [23 26]. Notwithstanding of the 

mentioned posit ive effects on the mechanical propert ies, on the other hand, an increased reduction 

below the non-recrystallization temperature (TNR), is also known to provoke the L-T anisotropy [20]. In a 

previous work we showed that RQ does not eliminate the L-T anisotropy despite of a globular PAG [10]. 

From these observations it  can be concluded that, in fact the reduction in the non-recrystallizat ion 

region, but not the shape of the PAG, influences the mechanical anisotropy. It has been observed, that 

process parameters and MAE influence the inheritance of several characterist ics, so that the newly 

recrystallized austenite grain remains grain size, shape and orientation of the previous microstructure 

[27,28]. Several researchers have found, that typical texture components of a α-fiber (<110> ‖ RD), such 

as {001}<110>, {112}<110> and {111}<110> can lead to unfavorable propert ies [20,29 33]. These rolling 

texture components have detrimental effects on the bending propert ies including deviations of L and T. 

In this case, the finish rolling temperature (FRT) possesses a major influence.  

In order to gain a deeper insight into the L-T anisotropy, the present work establishes possible 

correlat ions between the differences in the mechanical propert ies and a preferred texture arising during 

rolling. For this matter, four direct quenched UHS steels with different contents of MAE were 

investigated. Their mechanical propert ies in L and T were characterized and compared to the 

corresponding propert ies after RQ. In order to answer the question, if the re-austenit ization condit ions 

have an influence on these propert ies, three different heat treatments with varying austenit ization 

temperature and cooling t imes were performed before quenching. X-Ray diffraction (XRD) 

measurements were conducted to study the texture developments as a result of the performed heat 

treatments. The present work should shed light on the anisotropy of hot-rolled steels and help to 

understand the role of MAE and processing route on the formation of an unfavorable texture result ing 

in differences of the mechanical propert ies between L and T.  
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2. Materials investigated and experimental procedure 

2.1 Materials, heat  t reatment  and mechanical test ing 

The investigations on the influence of the processing route were performed on four different steels. The 

steels display industrial available UHS steel grades and their chemical composit ion is listed in Table 1. 

All steels experienced the same rolling condit ions, the FRT was set to 850° C. The steels were labeled 

according to their strength classes and are numbered from 1  4. Steel 1 and 2 represent temper 

resistant UHS steels and possess a carbon content of 0.09%. Addit ions of Mn, Si and B retard the γ to 

α transformation to ensure a martensit ic microstructure [34 38]. Mo and V facilitate a TM process route 

through an elevation of TNR [22,34,39,40]. Moreover, they compensate for the softening during tempering 

and enhance weldability [41]. Compared to the base alloy 1, steel 2 has higher addit ions of Cr, and 

addit ionally Ni is added for further temper resistance [37,42]. Alloy 3 represents a wear resistant steel 

with a carbon content of 0.17%. Elevated addit ions of Si and Mn enable a through-hardening [35]. 

Compared to steel 3, temper resistance is given in Steel 4 with elevated amounts of Cr, Ni, Mo and Cu. 

Further, steel 4 is alloyed with Nb, which serves as strongest MAE in retarding recrystallizat ion and 

providing addit ional strength after tempering [10,43]. 

Table 1: Chemical composit ion of the steels invest igated [m%] 

Steel Descript ion C Si Mn Cr Ni Mo Cu V Ti Nb B 

1 0.09 C, base alloy  0.09 0.1 1.6 0.70 0.01 0.20 0.03 0.10 0.02 <0.01 0.002 

2 
0.09 C, increased 

alloy content 
0.09 0.1 1.6 0.90 0.50 0.20 0.03 0.10 0.02 <0.01 0.002 

3 0.17 C, lean alloy 0.17 0.2 2.3 0.30 0.01 0.02 0.03 0.001 0.02 <0.01 0.002 

4 
0.17 C, increased 

alloy content  
0.17 0.3 1.4 0.70 1.0 0.40 0.50 0.05 0.02 0.04 <0.001 

 

The steels were investigated in the as-rolled condit ion and compared to re-austenit ization and 

quenching, for which three different austenit ization procedures were performed. The different heat 

treatments are listed in table 2. The conventional re-austenit ization and quenching (RQ) consists of an 

austenit ization at a temperature of 930° C for 5 min followed by water quenching. In the second route, 

quenching is performed after normalization treatment and an extended austenit ization t ime of 30 min 

(NRQ). In the third route quenching was executed after a higher austenit ization temperature of 1050° C 

(HRQ).  
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Table 2: Heat treatment and quenching procedures, TQ displays the quenching time and tQ the austenit ization t ime  

 

Tensile tests were performed according to DIN EN ISO 6892-1 on flat tensile specimens in longitudinal 

and transversal direction of the rolled plates of each condit ion. The notch impact tests at 0° , -20° C and 

-40° C were performed according to DIN EN ISO 148-1 on 6 mm thick specimens and the obtained notch 

impact work was standardly converted to 10x10 mm full-sized samples by linear upscaling. In order to 

exclude possible outliers in the tests, tensile tests were applied twice in each direct ion and for impact 

tests three samples of each condit ion were tested. 

 

2.2 Sample preparat ion and parameters for XRD and EBSD analysis 

For the microstructural analysis, three different conditions (DQ, RQ and NRQ) of the four steels were 

investigated. Since the measuring principles of XRD and EBSD differ, the perspective on the plate is 

also different. The relevant posit ion to detect rolling textures was set to ¼ of the sheet thickness [44]. 

For EBSD measurements, the transversal direction (TD) of the sheet is observed, as the electron beam 

can be focused to the significant posit ion on the sheet.  

The samples were hot embedded and then ground from 320 grit  to 4.000 grit  SiC paper for at least 30 

s. Subsequently, the samples were polished with 3 μm diamond paste for at least 3 min and with 1 μm 

for 30 s. A silicate polishing was used (Struers OPS) for 10 min prior to a finishing electrolyt ic ablat ion 

of 5 s with 35 V. The samples were dipped in a diluted Nital etchant  and plasma cleaned for 9 h before 

performing EBSD measurements. The measurements were performed on a EDAX Hikari XP EBSD 

system, installed in a FIB Versa FEI 3D DualBeam. An acceleration voltage of 30 kV was applied and a 

step size of 100 nm was chosen. The data acquisit ion was performed with EDAX Team 32. The data was 

evaluated with EDAX OIM Analysis 7.3, in which a grain dilatat ion cleanup with one single iteration was 

executed. 

In contrast to the electron beam, the X-ray beam cannot be focused. Therefore, the surface of the plate 

was milled down to ¼ of the thickness prior to grounding and polishing in order to place the beam on 

  1. Heat treatment 2. Heat treatment 

 Descript ion TQ[° C] t Q[min] Cooling medium TQ[° C] t Q[min] Cooling medium 

 DQ Direct  quenched   water    

 RQ 
Re-austenit ized 

and quenched 
930 5 water    

 NRQ 
Normalized, re-

austenit ized and 

quenched 

930 30 air 930 30 water 

 HRQ 
High-temperature 

re-austenit ized and 

quenched 

1050 5 water    
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the relevant posit ion of the plate. In the 

following, electrolyt ic polishing was 

performed for 1 min with 35 V. The ut ilized 

XRD, Bruker-ASX, was operated with a 

voltage of 40 kV at 40 mA and a Kα Cu X-ray 

tube. In steps of 5° , {110}, {200} and {211} 

pole figures were measured by means of a 

LYNXEYE XE detector and evaluated with the 

program . 

The orientation distribution functions (ODF) 

of the individual sample condit ions were 

calculated from the obtained pole figures in 

the software package MTEX at an applied half 

width of 5°  [45]. Volume port ions are then 

calculated to describe the relative volume of 

the relevant crystals, which obtain a certain 

orientation.    

 

3. Results 

3.1 Mechanical propert ies  

The yield strength of the four steels investigated 

are provided in Figure 1. Steel 3 and 4 possess 

significantly higher YS compared to steel 1 and 2. 

The strength of the DQ condit ion is considerably 

above those after re-austenit ization (RQ) for each 

of the steels investigated. The addit ional 

normalization (NRQ) and the higher 

austenit ization temperature (HRQ) result in a 

minor decrease in strength for steel 1 and 4. Yet, 

this phenomenon is less pronounced as compared 

to DQ.  The L - T differences are decreasing after 

re-austenit ization, NRQ and HRQ for steel 1 and 2. 

Steel 3 and steel 4 however do not reveal a clear 

trend. The strength in the T direction is st ill 

marginal higher compared to the absolute values 

(<50 MPa). Clearer differences in the L-T 

Fig. 1: YS and L – T difference values dependent on the heat 

treatment of the four steels investigated. The strength decreases 

significantly through re-austenitization and quenching. Steel 1 and 2 

improve regarding their L-T anisotropy, however, the differences are 

very little regarding the absolute UTS values of >900 MPa. Steel 3 and 

4 exhibit no clear trend.  

Fig. 2: Charpy impact toughness values and L – T difference values at 

0°C dependent on the heat treatment of the four steels investigated. 

Steel 1 – 3 experience a deterioration of the impact toughness through 

re-austenitization and quenching, whereas steel 4 delivers an 

improvement in toughness. The L-T anisotropy of steel 1 and 2 seems 

to benefit from re-austenitization, whereas steel 4 does not show any 

reaction not even through high quenching temperatures. 
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anisotropy are evident in the Charpy impact 

toughness, which are displayed in Figure 2 for the 

investigated steels at a testing temperature of 

0° C.  The toughness behaves diametrical to the 

strength, steel 1 and 2 have the highest Charpy 

impact toughness values, followed by steel 4 and 

3. Steel 1  2 experience a deterioration of the 

impact toughness values through re-

austenit ization and quenching, steel 3 first  after 

normalization. The toughness of steel 4, however 

increases through re-austenit ization. The L-T 

anisotropy of steel 1 and 2 benefits from the re-

austenit ization. The more intense the annealing in 

the γ region is (e.g. NRQ and HRQ), the smaller 

the L-T difference becomes. For steel 2 it  

disappears completely. The anisotropy for steel 3 

and 4 are neither deteriorated nor improved 

through different treatments in the γ region. The 

temperature dependence of the Charpy impact 

toughness is displayed in Figure 3 for temperatures between -40° C and 0° C for steel 2  4. The 

decrease of the impact toughness of steel 2 is less pronounced at 0° C, however at  -20° C, it  deteriorates 

to values below 50 J. The impact toughness of steel 4 is clearly improved through re-austenit ization and 

amounts even at -40° C almost 100 J for the normalized and quenched variant NRQ.  

 

3.2 EBSD analysis 

The inverse pole figure maps for steels 2  4 in the TD are given in Figure 4. In the DQ condit ion, steel 

2 (a) and 4 (c) show a strong deformation of the former γ-grains towards the rolling direction. Steel 4 

exhibits a very fine martensit ic microstructure, which, divided in blocks and laths, originates from the 

also very fine prior austenite grains. The martensit ic microstructure of steel 3 originates from globular 

PAGs, which are obviously larger than in steel 4. During re-austenit ization, the PAGs form to a globular 

shape, which can be seen in Figure 4 d  f. Whereas steel 2 (d) and 3 (e) coarsens significantly through 

reheating in the γ-region, the grain growth of steel 4 is limited. Both, the PAGs as well as the martensit ic 

components are still extremely fine after re-austenit ization. 

 

 

Figure 3:  Charpy impact toughness between -40°C and 0°C for steel 

2 – 4. Steel 2 deteriorates significantly through re-austenitization, 

whereas steel 3 does not show pronounced influence of the 

hardening treatment due to generally lower impact strength values. 

The impact toughness values of steel 4, which are already very high 

are little improved through both RQ and NRQ.  
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3.3 XRD measurements: ODF maps and quant itat ive texture analysis 

Figure 5 illustrates the ODF at a constant angle φ2 = 45°  of steel 1  4 dependent on the processing 

condit ion. A significant increase of the rotated cube component {001} <110>, evaluated from the ODF 

with an angular tolerance of 10°  was observed for steel 1  3, especially in the DQ condit ion. The volume 

port ions, Figure 6 amount 10% for steel 1 and 2 and 12% for steel 3. During re-austenit ization and 

quenching, all texture components decrease in favor of a slight increase of {112}<110>. After an 

addit ional normalization prior to quenching, Steel 2 experiences an increase of {001} planes parallel to 

the sheet plane, accompanied with the extinct ion of all other components. All texture components of 

steel 3 fall below 5% even after a single re-austenit ization, concluding, that only lit t le fragments from 

the rolling history remain. In opposite to the aforementioned, steel 4 exhibits increased intensit ies in 

{111}<112>, {112}<131> and {554}<225> after DQ. These components are marginally reduced on behalf 

of a growth of the {001}<110> constituent during RQ and NRQ. However, all texture components of 

steel 4 are still present in an increased extent. 

 

Fig. 4: EBSD inverse pole figures for the TD in the as-rolled condition for a) steel 2, b) steel 3 and c) steel 4. The MAE in steel 2 (a) and 

4 (c) promote a pancaking towards the RD, the PAGs are clearly visible as elongated grains. Steel 4 (c) exhibits the finest microstructure 

(martensitic block and laths). Steel 2 (b) possesses globular PAGs. d-f) Although, after re-austenitization and quenching (RQ) the PAGs 

increase and globularize for d) steel 2 and e) steel 3, steel 4 (f) still maintains the finest microstructure.  
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4. Discussion 

In order to investigate the influence of hardening and varying austenit ization condit ions on the 

mechanical propert ies, four low-C UHS steels were examined regarding their mechanical anisotropy and 

microstructure. These findings and their relevance are discussed in detail below. 

4.1 Mechanical propert ies  

An observation of the YS revealed, that an intense austenit ization with a prior normalization can have a 

posit ive effect on the L-T anisotropy, especially regarding the 0.09% - C steels 1 and 2. Although, the 

difference is very lit t le regarding the absolute YS values, it seems, that the globularization of the γ-

grains supports the reduction of the different longitudinal and transversal YS. However, this 

improvement in isotropy reduces the YS significantly. Regarding steel 1, the YS decreases by ~ 17 %, 

steel 2 and 3 by 20% and steel 4 even by 24 % after a single re-austenit ization in the T direction. These 

observations can be attributed to the grain growth during re-austenit ization, as depicted by the IPF map 

in Figure 4, but cannot alone be the reason for this this significant decrease. Although, for all steels the 

YS is deteriorated in the same amount, the microstructure of steel 4 st ill maintains very fine after re-

austenit ization, whereas the grain size of steel 1 - 3 increase unambiguously. A detailed explanation can 

be given with a view on the different alloying concepts. All investigated steels were rolled with a FRT of 

850° C. The rolling below TNR leads to a high deformed γ grain (pancaking), which results in a very fine 

transformed microstructure. Nb (in steel 4) has a by far stronger effect than V (steel 1 and 2) to retard 

Fig. 5: ODF sections at ϕ2=45° demonstrating the textures at ¼ of the plate depth for steels 1 - 4 in DQ, RQ and NRQ condition. Steel 1 possesses 

a weak preferential orientation after re-austenitization, which almost disappear after normalization + quenching (NRQ). The texture 

components of steel 2 decrease after re-austenitization, after normalization, however the orientations fully disappear in favor of a strong 

cube {001}<110> texture.  Steel 4 even shows after two time austenitization augmented texture fibers.  
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recrystallizat ion [10,21,22,34,43,46]. The conse-

quence is, that the strength contribution 

through TMP for steel 4 is much more 

augmented than compared to steel 1 and 2. 

Although, the grain coarsening of steel 4 

through RQ is less pronounced, the lack of an 

high deformed γ grain accompanied by the 

recrystallized austenite contributes to the YS 

decrease of 24%. These effects as well are 

observed in the temperature-dependence of 

the Charpy impact toughness, which is 

displayed in Figure 3. The detected grain 

coarsening of steel 2 not only reduces the 

impact toughness, but shifts the transit ion 

temperature to higher values. Although, steel 3 

is dispensed with alloying elements which are 

known to optimize the impact toughness (Mo, 

V, Ni) [41,47] the toughness still is above 50 J at 

0° C and does not deteriorate noticeably 

through re-austenit ization. Steel 4 profits from 

the fine grain, which is st ill maintained after re-

austenit ization and results in higher impact 

toughness, which is even improved through RQ 

in elevating the entire level of the DBTT to 

higher toughness.  

4.2 Microst ructure and Texture 

The investigations on the microstructure delivered details on the different behavior of the four 

investigated low-C steels regarding their microstructure  property relationship. Several peculiarit ies of 

the mechanical propert ies have been explained through the grain size and structure by means of EBSD 

measurements. However, there is st ill a missing link of the remaining anisotropy which in case of steel 

3 and 4 cannot be eliminated completely and therefore measurements of the texture were performed. 

EBSD reaches its limit if the detected microstructure is very small as for the present case [48]. For a 

proper texture analysis, at least 10.000 grains are suggested to be measured [49]. The step size needs 

to be reduced immensely when detecting microstructures with high grain boundary densit ies, as it  is 

the case for martensit ic steels. This would result in an extremely high effort  for textures analysis with 

EBSD. The XRD measurements however provided the orientation distributions over the whole sample 

Figure 6: Effect of the different hardening procedures on the texture 

components of the investigated steels calculated through MTEX 

based the obtained pole figures. Decreasing textures can be 

observed during re-austenitization of steel 1 and 3. Steel 2 shows an 

augmented {001}<110> texture after normalization, steel 4 exhibits 

texture remnants, however the proportions change after re-

austenitization. 
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for the relevant plate posit ion of 1.5 mm below the surface. The orientations of interest and their 

distributions are highlighted in Figure 5 and 6. All steels investigated contain a decisive fraction of the 

{001}<110> component, especially steel 1 - 3 after DQ from the rolling heat. This orientation arises from 

the recrystallized austenite cube texture [50,51] and thus is sparely present in steel 4 which is alloyed with 

strong recrystallizat ion retarding elements (Nb) preventing a recrystallization prior to transformation. 

The {001}<110> texture is unfavorable for impact toughness, provokes delamination and crack 

propagation [50,52], which can be observed in the AV/ T diagram in Figure 3. With the presence of a strong 

{001}<110> texture (Figure 6), the Charpy impact toughness of steel 2 decreases after NRQ and already 

at a temperature of 0° C below 50 J. These values are even lower than the values measured for steel 3, 

although a higher toughness is expected for steel 4 according the diametrical trend of strength and 

ductility. The prevailing components in steel 3 after DQ are {111}<112>, {112}<110> and {112}<131> 

which emerge from a deformed austenite [29]. The latter ranks as a very stable orientation for higher 

toughness towards the rolling direction [31,33,50 52]. Furthermore all steels contain significant fract ions of 

{554}<225> arising as well from a strongly deformed γ grain [20,50]. This component is inherited to RQ 

and even present after NRQ. The relatively high proport ions of the {001} in-sheet plane component in 

the DQ condit ion of steel 1 -3 might explain differences between L and T. This is confirmed by the fact, 

that a reduction of the {001}<110> part it ions reduce the impact toughness anisotropy after RQ. 

However, the question remains, why an almost levelled-out texture distribution as it  exists in steel 3 

after re-austenit ization (Figure 5 and 6) st ill possesses small but present differences between L and T. 

And in opposite to that, steel 4, which exhibits a significant amount of defined texture components even 

after HRQ exhibits excellent Charpy impact values in each condit ion (DQ and RQ) with a relatively small 

anisotropy. Consequently, a clear link between a remaining anisotropy and prevailing textures thus 

cannot be made with certainty. Furthermore, a strict dist inct ion, whether a mechanical anisotropy can 

be attributed to an elongated γ grain, texture fract ions or non-metallic inclusions [23] is not possible. In 

a previous publication [10] it  was found, that variances in the FRT can even affect the propert ies of Q+T 

steels, contrary to the assumption, that the FRT has no effect on the propert ies of steels which are later 

re-austenit ized and quenched. The present investigations confirm, that the FRT not only plays a major 

role during TMP but rather influences the mechanical propert ies through the inheritance of 

microstructural characterist ics. Although, the usage of MAE and the reduction of the FRT provokes 

through a highly deformed γ grain a mechanical anisotropy, this does not mean simultaneously, that 

the microstructural cancellat ions of these peculiarit ies are the key to a mechanical isotropy.  

5. Summary  

In order to study the dependency of the mechanical anisotropy on the microstructure, four low-C UHS 

steels were subjected to varying austenit ization condit ions prior to hardening. The results described 

above have shown, that through thermomechanical rolling microstructural peculiarit ies remain in the 

material, which are responsible for differences between the longitudinal and transversal direct ion. This 
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mechanical anisotropy cannot be eliminated entirely through re-austenit ization. The main findings are 

summarized in the following: 

- Differences in the impact toughness between the longitudinal and transversal direct ion can be 

lowered through re-austenit ization or normalization prior to quenching. However, this 

improvement reduces the yield strength and impact toughness significantly. The 

microstructural benefits which are accompanied by thermomechanical processing, such as a 

grain refinement through a highly deformed γ grain are extinguished through re-austenit ization. 

- The mechanical anisotropy can part ially be contributed to texture components, which are 

promoted by hot-rolling. These preferential orientations arise either from a recrystallized 

austenite, such as {001}<110> or through a deformed γ grain such as {111}<112>, {112}<110> 

or {112}<131>. The {554}<225> component, which was also observed arises from a  highly 

deformed austenite and is inherited to quenching after re-austenit ization and even present after 

normalization. 

- A fine γ grain as a result of Nb micro-alloying consolidates the aforementioned texture 

components and prevents their decimation after re-austenit ization.  

- The microstructural inheritance through thermomechanical rolling cannot be erased through re-

austenit ization or normalization. The effect of this inheritance is dependent on the intensity of 

the TM-program, in specific the usage of MAE and the reduction in the non-recrystallizat ion 

regime. 
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